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HYDRO 2020 International Conference on Hydraulics, Water Resources, Coastal & 
Environmental Engineering, being organized at NIT Rourkela under the aegis of the Indian 
Society for Hydraulics, is an annual get together of Scientists, Researchers, Academicians, 
Practicing Engineers, and Consultants all over the world related to Water Engineering that has 
evolved over the years. The conference earned an international reputation and recognition in 
this topic. The conference mainly focuses on state-of-the-art technologies and applied research 
in the field of Hydraulics, Water Resources, Coastal & Environmental Engineering. The 
present 25th (silver jubilee) episode of the conference is being organized at the National 
Institute of Technology Rourkela.
NIT Rourkela was established on 15 August 1961. Its foundation stone was laid by the first 
Prime Minister of India, Pt. Jawaharlal Nehru. NIT Rourkela is a premier institute of national 
importance funded by the Government of India and is committed to quality technical 
education in the country. It is a fully residential campus offering accommodation to faculty, 
staff, and students. The campus of the Institute consisting of the Academic area, halls of 
residence area, and faculty staff colony located at the eastern end of Rourkela steel city. The 
green and beautiful campus has all the amenities for developing personal, social, and academic 
skills of the student, faculty, and staff. HYDRO 2020 International Conference, organized 
at NIT Rourkela in its silver jubilee year has coincided with the diamond jubilee year of 
NIT Rourkela online mode. It is our proud privilege to have welcomed you all to this 
renowned International Conference. Despite the current pandemic situations throughout the 
globe, more than five hundred abstracts of the papers have been received and after the review, 
about 292 full papers have been finally accepted. Ten senior scientists of high expertise from 
abroad and twenty-four senior scientists from reputed Institutes/ Universities of our country 
have delivered their expertise and knowledge in the emerging field of Water 
Resources Engineering. Around 60 senior scientists/ Professors from reputed Institutes/ 
Universities have chaired the sessions covering all the themes of the Conference.
The HYDRO 2020 proceedings volume contains peer-reviewed technical papers under 29 
themes and covers a wide spectrum of research studies, experimental outputs, case studies, 
review papers, and others related to the management of Water Resources and Coastal 
Engineering. We are indeed happy to bring on this occasion, souvenir containing abstracts of the 
Keynotes and Invited talks along with the quality technical papers selected for the 
presentation. Further, proceedings of the conference are also released in electronic forms that are 
arranged theme-wise.
We take this opportunity to express our sincere thanks and gratitude to all members of the 
International and National Advisory Committee members, the Technical Committee as well as the 
Organizing Committee members along with student volunteers, authors, and reviewers. We 
appreciate the untiring efforts of conference organizers, generous support from sponsors, 
continuous guidance, support, and encouragement from all academic and research institutions. We 
strongly hope that the deliberations and discussions at the HYDRO 2020 International 
Conference shall promoted useful and fruitful interactions among participants and thus help 
professionals working in the field of Hydraulics, Water Resources, and Coastal Engineering. 
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Abstract 

    It becomes necessary to install sediment observatory station for monitoring sediment yield within  

the watershed but due to economical priority and difficulty in accessibility of gauges  due to severe 

silting at sites.There is need of  numerical or empirical models to estimate probable sediment yield in 

a catchment.Thus, (MUSLE)Modified universal soil loss equation, an empirical model is used which 

take into account of basin runoff and peak discharge as major dataset to estimate sediment loss from 

watershed.For this study HEC HMS(Hydrological engineering center Hydrological modelling system) 

tool is used to estimate annual runoff and peak discharge from continous simulation model. 

   The result shows,this sediment model is mainly dependent on  three factors namely Land use,Soil 

and slope of topography where, Land use being the dominating factor for sediment deposit followed 

by soil and slope. It can be analysed from graphs that there is direct relationship between sediment 

yield v/s runoff, rather then the sediment yield v/s rainfall.This model also shows that subwatersheds 

which are more of agriculture land use has greater sediment deposit compared to that of urban and 

evergreen forest land use. By trend analysis greater the runoff  higher is the sediment mark, reduction 

factor being the vegetation index and slope charecterstics of indvigual subwatersheds in smaller 

magnitude for area under study. 

Keywords: MUSLE,Sediment yield, Trend analysis and continous model 

1. Introduction

  The rainfall and consequent  runoff  not only bring flood but, further it causes sediment out flow 

within the watershed which introduces change in the natural land scape.Though it seems to be short 

term effects . However,The silting and scouring of sediments in coastal region especially at river 

estuary is very severe as it causes  turbid environment which has deleterious effect on marine ecology 

along with land slide/mass fall in hilly or mountainous zones. The effects of land slide can be seen in 

Kerala flood(2018) as well as Uttarakhand(2013)  havoc scenario. 

   It becomes necessary to install sediment observatory station for monitoring sediment yield within  

the watershed but due to economical priority and difficulty in accessibility of gauges  due to severe 

silting at sites.There is need of  numerical or empirical models to estimate probable sediment yield in 

a catchment.Thus, (MUSLE)Modified universal soil loss equation, an empirical model is used which 

take into account of basin runoff and peak discharge as major dataset to estimate sediment loss from 

watershed.For this study HEC HMS(Hydrological engineering center Hydrological modelling system) 

tool is used to estimate annual runoff and peak discharge from continous simulation model. 

  The Modified Universal Soil Loss Equation (MUSLE) is an advancement over both originally 

developed USLE and RUSLE, developed by replacing the rainfall erosivity factor with the runoff 

energy factor developed by  Jimmy R Williams in 1975. Unlike USLE and RUSLE, it is an event 

based soil loss model which considers the effect of runoff energy on generating sediment. 

Furthermore, it can provide an estimation of sediment yield. Apart from the runoff energy factor, 
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other factors used in MUSLE are same as those of USLE which include the soil erodibility factor R, 

topographic factor LS (slope length and slope steepness), soil cover factor C, and conservational 

practice factor P. It was developed by collecting the data from 18 small watersheds with areas ranging 

from 132 to 4380 acres.(Rockford Miller et el,2018)Several combinations of the volume of runoff and 

peak discharge were tried and the most accurate sediment prediction equation was finalized. The 

mathematical expression for MUSLE is given in Equation 1. 

 S=11.8 (Q qd)
0.56 K LS  C P         (1) 

Where, 

S = Sediment yield in tons 

Q = Volume of runoff in cubic meters 

qd = peak flow rate in cumecs 

1.1 Study area 

  River Venkatapur is a small watershed indicated by code 5A3C3 fed river originating from the 

Western Ghats near Bhatkal and flows in Bhatkal and Sagar taluk before reaching to Arabian sea. Its 

basin spreads (74°35 E to 74° 40‟ E longitude and 14
0
0

‟
 to 14° 10

‟
 N) i.e SOI(survey of India) 

toposheet 48J-12 and 48K-9 in the Western Ghats as well as in the coastal plain of Bhatkal taluk of  

Uttara Kannada district and encompasses an area of 340 sq km . It is a 6th order fern shaped basin 

having highest elevation +812 m msl(mean sea level) and lower level or mouth joining Arabian sea. 

The Figure 1 shows location map of  Venkatapura river watershed. It flows for a length of 26.4 km 

before joining the Arabian Sea near Shirali .(Hegde VS and Nayak SR,2015)  

Figure 1 Location map of  Venkatapura river watershed 

(Source:SOI Toposheet no 48J-

12 and 48K-9) 
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Figure 2 Study area map of  Venkatapura river watershed 

    For study area,the Venkatapura river watershed is divided in to six sub watershed namely 

Venkatapura tributary, Chitihalla, Katagar Nala, Basti Halla, Kitrehole and Venkatapura river 

indicated by code 5A3C3A, 5A3C3B, 5A3C3C, 5A3C3D, 5A3C3E, 5A3C3F from watershed atlas of 

India(Figure 2)respectively based on major tributaries.(Ramachandra and karthick,2005) having area 

146.08, 83.53, 26.4, 40.63, 14.37, 29.09 km
2
 respectively. 

   The weightage of different land use classes and percentage of percent of impervious 

area(NOAA,2013)  are given in table 1 

Table 1 The weightage of different land use classes and percentage impervious 

SI.No Land use classes Area(km
2
) Percentage 

area 

% Impervious 

surface 

1 River/stream 9.4867 2.79 100 

2 Built up urban/rural area 22.974 6.750 28 

3 forest plantation 14.39 4.233 2 

4 Scrub forest 2.186 0.643 3 

5 scrub land 14.389 4.23 4 

6 Deciduous 36.072 10.60 2 

7 Baren rocky 1.474 0.43 15 

8 Green or semi evergreen 207.712 60.88 2 

9 Crop and aggriculture 

plantation 

38.184 11.41 3 

10 Inland wetland 0.5633 0.1640 80 
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1.1.1 Land use map 

  The land use map is digitised from KSRSAC(Karnataka state remote sensing and communication) 

containing 10 land use classes as shown in figure 3.Land use pattern assumed to be remain same or 

not much variation during simulation period 2008 to 2017.Land use is the major influencial parameter 

in sedimention yield which we know in this case study 

Figure 3 Land use map of Venkatapura watershed 

1.1.2 Soil map 

 The soil map of venkatapura watershed is collected from KSRSAC to generated curve number map 

and extract soil charecterstics to use it in sediment and hydrological modelling are shown in figure 4. 

Figure 4 Soil map of Venkatapura watershed 
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2. Results and discussions

  The hydrological modelling chosen for Rainfall-Runoff simulation  which estimate losses in 3 phase 

namely canopy storage,surface storage and soil infiltration from field along potential with 

evapotranspiration  losses. The canopy storage are losses from plant leaves,branches, trunks and 

losses from storage by man made utilities in settlement regions.HEC-HMS and ArcGIS tool will 

effectively help in rainfall-runoff  model and sediment anaylsis. (US Army Corps of Engineers,2016) 

Hydrologic process selected for basin modeling are tabulated below 

Table 2 Hydrological processes selected for different phase 

Parameter Methods 

Canopy storage Simple canopy 

Surface storage Simple surface storage 

Basin loss method Deficit and constant loss method 

Basin transform method SCS curve number method 

2.1 Hydrological modeling 

  The evaluation of peak dischare(qp)and runoff volume(Q) are major parameters of sediment 

modeling empirical equation.The canopy storage for different land-use classes are taken from 

previous studies of the watersheds in westernghats(Ramachandra et. el,2014),surface storage 

parameter are estimated based on land slope(Bennet and Peters,2000) For deficit loss parameters and 

infiltration charecterstics are taken from FAO soil tables and previous soil infiltration studies in that 

region(FAO,2018; Ramachandra et. el,2014) . 

  The weighted average of these values are distributed to sub basin using Arcstatitics.corresponding 

values of Hydrological modeling are tabulated below table 3,table 4, table 5. The specific parameters 

in tables 5 that is max deficit which is nothing but maximum amount of water which the soil can store 

for the tested depth of soil samples. The max soil deficit found by equation (2) is given below (Ahbari 

et. el,2018) 

Max deficit(mm) =(porosity                                                       (2) 

For ex:Sandy clay loam, porosity=0.398, soil depth = 18cm,wilting point= 0.1 

Max deficit(mm)=(0.398                  ) = 536 mm 

Table 3 Weighted subbasin canopy storage parameter 

Table 4 Weighted subbasin surface storage parameters 

Subwatershed intial storage (%) Max surface storage (mm) 

Venkatapur tributary 0.1 6.4 

Katagar Nala 0.1 8 

Basti Halla 0.1 8.5 

Subwatershed intial storage (%) Canopy storage(mm) 

Venkatapur tributary 0.20 4.00 

Katagar Nala 0.198 3.57 

Basti Halla 0.156 3.68 

Venkatapura river 0.113 5.82 

Chiti Halla 0.194 4.00 

Kitre Hole 0.205 3.57 
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Venkatapura 0.1 10 

Chiti Halla 0.1 6.9 

Kitre Hole 0.1 7.45 

Table 5 Weighted subbasin of deficit and constant loss parameters 

   For transform method SCS curve number table is generated by Land use and soil map layers,This 

Layer is linked with CN(curve Number) of conditions(Gonzalez et al,2015).which is given table 6 

Table 6 SCS curve number table 

   Curve number 

Land use classes A B C D 

Baren rocky 88 88 88 88 

Deciduous 42 66 79 85 

River/stream 100 100 100 100 

Inland wetland 92 92 92 92 

Scrub forest 77 77 80 83 

forest plantation 25 55 70 77 

Built up urban/rural area 77 85 90 92 

scrub land 36 60 73 79 

crop and aggriculture plantation 67 78 85 89 

Green or semi evergreen 30 58 71 77 

2.2 Sediment modeling 

  The simulated flow in HEC HMS hydrological modelling is utilised in sediment modelling to 

estimate annual sediment yield for each subwatershed.First the the slope length factor(LS) is extracted 

from DEM(Digital elevation model) using raster calculator in ArcGIS. The extracted LS map for 

Venkatapura watershed as shown in figure 5 
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Figure 5 The LS factor map of Venkatapura watershed 

The cover management factor is derived from NDVI(normalized difference vegetation index) map 

obtained from LISS-3( Low-Imaging Sensing Satellite) imagery from Bhuvan.nic.in. The figure 6 

shows NDVI map of Venkatapura watershed The mathematical expression for NDVI is given in 

Equation (3) and(4). NDVI value so produced can be used to develop cover factor using Equation 

(Tamang et al. 2017). 

NDVI=(NIR−VR)/(NIR+VR)                                                                                                                   (3) 

Where,NIR = near infra-red,VR= visible red 

         C=exp (−𝑎 NDVI𝑏−NDVI)         (4) 

Where,a, b = empirical constant 

(Tamange et al,2017) Suggested a value of 2 and 1 for a and b, respectively. 

Figure 6 NDVI map of Venkatapura watershed 

   In the above figure 6 red marks indicates higher vegetation index as it represents evergreen forest of 

westernghats and green to yellow represents agriculture and settlements.The Cover management 

factor(C) is obtained by further calculation of image processing in rastor calculator as shown in figure 

7. The lower value of C indicates dense vegetatation index which is quite opposite to NDVI. With
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lower value of “C” factor  of nearly 0 at westernghats and higher value of 1 at coastal plain  which 

indicates low vegetation cover. 

Figure 7 C-factor  map of Venkatapura watershed 

  The soil erodibilty factor “K” is obtained from is from FAO(Food and Agriculture Organisation) 

table for different soil texture are computed based on % of oraganic matter. Figure shows K factor 

map of Venkatapura watershed.Based on its texture; % silt plus very fine sand, % sand, % organic 

matter, soil structure, and permeability in equation (5) 

K=27.66  1.14 10
-8 (12-a) +(0.0043 (b-2)) +(0.0033 (c-3))     (5) 

m= silt (in %) + very fine sand (in %) + (100-clay (in %))a =organic matter (%) 

b = structure code in which (1) is very structured or particulate,(2) is fairly structured, (3) is slightly 

structured, and (4) is solidc= profile permeability code in which (1) is rapid, (2) is moderate to rapid, 

(3) is moderate, (4) is moderate to slow, (5) is slow, and (6) very slow

c= profile permeability code in which (1) is rapid, (2) is moderate to rapid, (3) is moderate, (4) is

moderate to slow, (5) is slow, and (6) very slow

  The soil erodibilty factor “K” is obtained from is from FAO(Food and Agriculture Organisation) 

table for different soil texture are computed based on % of oraganic matter. Figure 8 shows K factor 

map of Venkatapura watershed.  

Figure 8 K-factor  map of Venkatapura watershed 
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  The „P‟ factor that is soil conservation factor it‟s to be assumed that no soil conservation practices 

employed within the vicinity of watershed thus it can be taken unity or 1.The weighted average all the 

above parameters are computed distributed with the help of zonal statistics tool in ArcGIS for each 

subwatershed as shown in table 7 

Table 7 Weighted parameters of sediment yield for subwatershed. 

Subwatershed Area(km
2
) C-factor K-factor LS-factor P-factor

Venkatapura 

tributary 

146.07 0.079 0.035 0.13 1.00 

Katagar Nala 26.40 0.15 0.05 0.085 1.00 

Basti Halla 40.69 0.38 0.06 0.038 1.00 

Venkatapur River 29.07 0.42 0.05 0.034 1.00 

Chiti Halla 83.55 0.17 0.042 0.19 1.00 

Kitre Hole 14.37 0.24 0.044 0.071 1.00 

  From the peak discharge(qd) and runoff volume(Q) value of each for subwatershed is computed from 

equation (1)    
Sediment yield(tons)=S=11.8 (Q qd)

0.56 K LS  C P

For Venkatapura tribuatary subwatershed in the year 2008, the qd  and Q is 6.8 m
3
/s and 97028.2m

3

respectively are simulated from hydrological model.Substitute these value in above equation 

S=11.8 (97028.2 54)
0.56 0.03514 0.129 0.079 1 

      =24947 tons 

  To distribute these value for each square kilometre area,it should be divide by subwatershed area that 

is 146.075 km
2
 which is equals to 170.78 ton/km

2
.this value in turn converted into ton/ha by 

multiplying it by 0.01 for better understanding of sediment erosion which gives sediment yield of  

1.707 ton/ha for the year 2008.By taking Annual hydrological events from 2008 to 2017 are plotted in 

figure 9 with the sediment(ton/ha) v/s runoff volume(mm). 

Figure 9 Annual Sediment yield of Venkatapura subwatersheds 
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3. Conclusions

   The Venkatapura watershed  is devided into six subwatershed namely Venkatapura tributary, 

Katagar Nala, Chiti Halla, Katagar Nala, Venkatapura river and Basti Halla for detailed Hydrological 

and sediment modelling study of individual sub-catchments of Venkatapura watershed.The following 

are conclusions of this case study after analysing sediment yield trends from 2008-2017. 

   From the figure 9 ,the sediment yields in all the sub catchment of Venkatapura watershed are well 

within the lower limit(<100 ton/ha/year) (Ganasri, and Ramesh ,2015) .Among them the Venkatapura 

tributary and Chitti Halla sub catchement has lower range of erosion even though it‟s been subjected 

to heavy rainfall and high runoff featuring terrain of westernghats.  

   The sub catchments Venkatapura river and Basti Halla are located on the coastal plain. These areas 

are dominated by extensive agricultural planation and human settlement which makes slight higher 

sedimentation activity still well within the limit. From figure 3 of land use class pattern of 

Venkatapura watershed region gives clear indication of dense Evergreen forest vegetation covering on 

the western ghats sourrounding sub catchment of Venktapura tributary and Chitti Halla along with 

that Gravelly-sandy soil cover(figure 4) and (table 7)  helps reducing abrasive action of rainfall.(Rohit 

Prabhakar Nayak,2018) 

   It can be concluded that sedimentation action in the Venkatapura watershed region are well under 

control for current scenario.It would be rather better to adopt soil conservation practices such as check 

dams in the region of Venkatapura river and Basti Halla where there is extensive agricultural activity 

already established.In case of Venkatapura tributary,avoiding future human settlement below 

mountainous region of westernghats as there were previously reported case of mass fall scenario and 

other similar topographical regions 
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Abstract 
For hydrological applications, the stage and discharge information at any river section are sparsely 
available in most of the world-rivers, and they are still ill-equipped in terms of hydrologic monitoring. 
Sometimes in a catchment, the downstream flow information is available with little or no knowledge 
of the upstream flow, which are generally essential for preparing flood management strategies in the 
catchment along with appropriate reservoir operation during flooding. In this regard, reverse flow 
routing can be used to transfer flow information at a downstream gauging station to an upstream un-
gauged station. However, this problem is ill-posed and is sensitive to perturbations in the data to be 
inverted, resulting in the amplification of errors. Therefore, this study advocates the physically-based 
simplified Variable Parameter McCarthy-Muskingum (VPMM) model for flow reversal to get 
information at the required upstream station, which has potential field uses. In a numerical study, a 
hypothetical inflow hydrograph in the form of Pearson type-III distribution was routed downstream in 
a hypothetical prismatic reach of 30 km length using the HEC-RAS (benchmark) model. The channel 
characteristics are comprised of different types of channel cross-section and Manning’s roughness 
conditions. Considering the HEC-RAS simulated downstream hydrographs as the observed 
information, they were reverse routed using the VPMM model to obtain the corresponding upstream 
inflow hydrographs. The results showed the VPMM model's potential to simulate the observed inflow 
hydrographs, especially in reproducing the peak flows well. However, there is a poor reproduction of 
the low flows. 

Key Words: VPMM; HEC-RAS; Reverse flow routing; Hypothetical reach 

1. Introduction

Urbanization, along with climate change, has created severe hydrological challenges worldwide for 
the upcoming decades. It is expected that the world population in the developed countries would grow 
from 75% in 2000 to 83% in 2030, while it would be from 40% in 2000 to 56% in 2030 in less 
developed countries (Cohen 2003); specifically in South Asia where the population has been doubled 
in last five decades (USAID 2006).  

With such a growing population, it is likely to create more water demands and, hence, more 
burdens on different hydraulic storage structures such as reservoirs, ponds, etc. Therefore, it is 
imperative to understand how much water is likely to enter the storage system beforehand so that it 
can be managed during high floods. For such situations, many-a-times, catchments upstream to the 
storage locations are calibrated and validated with the gauged site at the inlet of the storage structures. 
However, in developing countries like India, many catchments are un-gauged with inadequate 
spatiotemporal hydrological data causing the problem for calibration and validation of a model. For 
predictions in un-gauged basins, the method of regionalization is generally adopted, which can be 
classified as direct regionalization of flow and flow metrics or the regionalization of model parameters 
(He et al. 2011). These approaches generally utilize the simplified regression equations or a type of 
distance measure between gauged and un-gauged catchments. Simple regionalization approaches have 
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been studied extensively and used as a tool to judge catchment controls that have an influence on the 
processes of both gauged and un-gauged catchments. Such studies are carried out to obtain different 
flow metrics of annual flow, and baseflow index (Mazvimavi et al. 2004) conclude that mean annual 
precipitation, land cover, the average slope of the catchment, and drainage density are the most 
important controls on flow. Few studies highlight the influence of drainage density on flood frequency 
(Pallard et al. 2009) and soil map on a baseflow index (Marechal and Holman 2005). However, this 
type of simple regression approach is of limited use as the linearized relation cannot hold for all the 
storm events. Hence, more complex regression models are devised for the hydrological modelling of 
the ungauged basins to better represent catchment dynamics of the ungauged basins (Laaha and 
Blöschl 2006; Soulsby et al. 2010). Nowadays, the geostatistical methods are widely used for 
predictions in ungauged basins with the assumption that nearer the source catchment, the better it 
represents the ungauged catchment and lesser the input data error (Laaha et al. 2013). In this context, 
the topological kriging technique (Skøien and Bloschl 2007) and physiographical space-based 
interpolation techniques are proposed for the headwater and large catchments (Castiglioni et al. 2011). 
However, spatial closeness with respect to the gauged catchment does not guarantee the similarity in 
the functional behaviour of a catchment (Ali et al., 2012). Various catchment characteristics have 
been included to enhance the performance of distance-based approaches (He et al. 2011).  

           Moreover, to obtain information of discharge or stage at the upstream ungauged locations in a 
river, reverse flow routing techniques can be utilized (Das 2009; D’oria and Tanda 2012; Kousis et al. 
2012; D’oria et al. 2014; Zucco et al. 2015; Kousis and Mazi 2016; Kaya et al. 2017). Das (2009) has 
developed a constrained nonlinear optimization problem for obtaining the parameters of the 
Muskingum model for reverse routing. Doria and Tanda (2012) have developed a Bayesian approach 
for reverse routing the outflow in prismatic and non-prismatic channels. These results based on the 
hypothetical data could able to reproduce inflow hydrographs reasonably well, although the input 
outflow hydrographs have discharge errors up to 10%. Kousis et al. (2012) have studied the reverse 
routing problem based on the optimal grid structure with the constraints of theoretical coefficients. 
They could recover the inflow signal for single and multi-peaks using the Convection-Diffusion 
equation by smoothening the oscillations in the solution through optimization or applying a low pass 
filter. Zucco et al. (2015) and Kaya et al. (2017) have applied reverse routing in a catchment with no 
rainfall data but significant lateral flow from the intermediate catchment. The developed model has 
six parameters, estimated by the Genetic Algorithm (GA), which was further applied to study 
hypothetical and real cases. Kousis and Mazi (2016) developed a reverse routing framework based on 
the lag-route model and reservoirs-in-series model, which was verified with error-free data and error-
seeded data inputs. These reverse routing methods are either based on static model parameters or 
cumbersome estimation of model parameters, which are difficult to obtain in an ungauged river basin. 
Hence, less parametric models need to be developed for the ungauged catchment scenarios. 

           In this context, the physically-based Variable parameter McCarthy Muskingum (VPMM) is 
tested in this study for its applicability to reverse routing studies. Henceforth, the model will be 
further termed as VPMM-R for its application in reverse routing application. Although it has 
performed well in forward routing for various hypothetical (Perumal and Price 2013) and natural 
(Swain and Sahoo 2015; Pati et al. 2018) channels, its performance on reverse routing studies are yet 
to be done. Based on this, the current study is carried out to answer the following research question 
that how well and how far the discharge hydrograph can be reverse routed on a given reach? 

2. Methodology

2.1. Development of a physically-based reverse routing model 

2.1.1. Assumptions 

• The lateral flow contributed to the main river adds insignificant momentum to the flow.
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• The slope of the water surface ( 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

), the slope due to local acceleration (1
𝑔𝑔
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

), and the 

slope due to convective acceleration (𝑣𝑣
𝑔𝑔
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

 ) are small in magnitude, but not negligible in 
comparison to the river bed slope (𝑆𝑆𝑂𝑂). 

 

Fig. 1. Box scheme for VPMM-R model. 

2.1.2. Basic Governing Equations 

The Saint Venant equation of continuity and momentum equation can be expressed as 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0            (1) 

𝑔𝑔 �𝑆𝑆𝑓𝑓−𝑆𝑆𝑜𝑜 + 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� + 𝑣𝑣 𝜕𝜕𝑣𝑣

𝜕𝜕𝜕𝜕
+ 𝜕𝜕𝑣𝑣

𝜕𝜕𝜕𝜕
= 0            (2) 

where t = time; y, v, A and Q are flow depth, average cross-sectional velocity, cross-sectional area, 
discharge, respectively; g = acceleration due to gravity; 𝑆𝑆𝑓𝑓= frictional slope; and  𝑆𝑆𝑜𝑜= bed slope.  

Using the finite difference discretization scheme (Fig. 1) as developed in Perumal and Price (2013) 
for solving the Saint Venant’s equations, the final routing equation developed for the reverse flow 
routing (VPMM-R) is 

𝜕𝜕𝑖𝑖
𝑗𝑗+1 = (2𝑘𝑘(1−𝜃𝜃)+∆𝜕𝜕)

∆𝜕𝜕−2𝑘𝑘𝜃𝜃   
𝜕𝜕𝑖𝑖+1
𝑗𝑗+1 − (2𝑘𝑘𝜃𝜃+∆𝜕𝜕)

∆𝜕𝜕−2𝑘𝑘𝜃𝜃   
𝜕𝜕𝑖𝑖
𝑗𝑗 − (2𝑘𝑘(1−𝜃𝜃)−∆𝜕𝜕)

∆𝜕𝜕−2𝑘𝑘𝜃𝜃    
𝜕𝜕𝑖𝑖+1
𝑗𝑗    (3) 

where 
𝑘𝑘 = ∆𝜕𝜕/𝑣𝑣𝑜𝑜 ,𝑀𝑀  (4) 

𝜃𝜃 = 0.5− 𝜕𝜕0,𝑀𝑀
2 ∆𝜕𝜕 𝑆𝑆𝑜𝑜𝐵𝐵𝑀𝑀

�1 − 4𝐹𝐹𝑀𝑀 2

9
�
𝑃𝑃𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝐵𝐵
�
𝑀𝑀

2

� (5) 

Here, j and i represents temporal and spatial grid level. The suffix (0, M) associated with any variable 
represents the value of a variable corresponding to the normal depth (𝜕𝜕𝑀𝑀) at the midsection of sub-
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   0.5∆x 
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reach and the suffix (M) associated with any variable represents the value of the variable 
corresponding to the flow depth (𝜕𝜕𝑀𝑀). 

3. Numerical Applications

3.1. Performance of the VPMM-R Reverse Routing Models in a Hypothetical River 
Channel 

The developed VPMM-R reverse routing method was applied in a hypothetical river reach length of 
30 km. The routing method was compared with the benchmark solutions of the HEC-RAS model set 
up in a 30 km long channel. The results were summarized for longitudinal slopes, s = 0.001, 0.0005, 
and 0.0001, and Manning’s coefficients,  𝑛𝑛 = 0.01, 0.035, and 0.05 with trapezoidal cross-section 
with bottom width 15 m and side slope 1V:5H and rectangular cross-section with bottom width 15 m. 
A hypothetical inflow hydrograph in the form of Pearson type III distribution (Eq. (6)) was forward 
routed using HEC-RAS to obtain the discharge hydrographs at 30 km. Subsequently, this routed 
hydrograph obtained at the downstream location was reverse routed to 30 km reach length by using 
the developed VPMM-R reverse routing approach and compared with the Benchmark HEC-RAS 
solution at that location. The performance of this model was evaluated by the reach length for which 
the inflow signal is recovered. 

The form of inflow hydrograph is given by 

𝐼𝐼(𝜕𝜕 = 0, 𝜕𝜕) = 𝐼𝐼𝑏𝑏 + �𝐼𝐼𝑝𝑝 − 𝐼𝐼𝑏𝑏� �
𝜕𝜕
𝜕𝜕𝑝𝑝
𝑒𝑒𝜕𝜕𝑝𝑝 �1 − 𝜕𝜕 𝜕𝜕𝑝𝑝� ��

𝛾𝛾
           (6) 

where Ib = initial steady flow (100 m3/s); Ip = peak inflow (900 m3/s); tp = time to peak (24 h), and 𝛾𝛾 
(shape factor) = 16. 

Fig. 2. Simulated discharge using VPMM-R model for trapezoidal channel. 
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Fig. 3. Simulated discharge using VPMM-R model for rectangular channel. 

5. Results and Discussions
The Pearson type III inflow hydrograph was applied to a hypothetical reach of 100 km in the HEC-
RAS model with a downstream boundary condition of normal depth at 100 km. The outflow at 30 km 
was extracted back and input to the VPMM-R model with a spatial step of 1 km and a temporal step 
of 30 min. Here, it should be noted that the simulation was carried out for a time forward and space 
backward scenario. Figs. 2 and 3 show that for a particular manning's coefficient, as the slope was 
decreasing, the signal recovery was improved for a greater distance. For the slope of 0.001 and 
trapezoidal cross-section, the signal recovery was up to 5 km upstream and 8 km upstream for 
manning's coefficient of 0.035 and 0.05, respectively. However, signal recovery was not possible for 
manning's coefficient of 0.01. Though the peak portion was without any oscillation, oscillations in 
low flows were ultimately leading to solution instability. The reason for such abrupt oscillation in 
reverse routing was the amplification of the signal at a given step. In forward routing, the input signal, 
along with any error attached to it, gets diffused in the subsequent time steps with appropriate 
spatiotemporal steps, while in reverse routing, any error connected to a signal is amplified with the 
signal. Therefore, the error amplification can be seen more in low flow regions where slight error can 
make unstable the solution. As the number of spatiotemporal steps gets increased, the chances of 
signal recovery get decreased due to abrupt oscillations, and as the steps get decreased, the chances of 
signal recovery also get reduced due to improper depiction of the nonlinearity of flow dynamics. 
Hence, in this study, the inflow hydrograph's performance was tested at a particular spatiotemporal 
step.  

Similarly, for the slope of 0.0005, the signal recovery was up to 7 km upstream and 17 km 
upstream and 19 km upstream for manning's coefficient of 0.01, 0.035, and 0.05, respectively, and for 
the slope of 0.0001, the signal recovery was up to 30 km upstream and 29 km upstream and 28 km 
upstream for manning's coefficient of 0.01, 0.035 and 0.05, respectively. It can be noted here that the 
peak reproduction for different recovered distances was nearly the same. For the slope condition of 
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0.0001 and manning's coefficient of 0.0035 and 0.05, the peaks were over-amplified to a magnitude of 
about 200 m3/s. 

Moreover, when the cross-section was changed from trapezoidal to a rectangular cross-section 
having the same base width, the inflow signal recovery was increased to a greater distance. For the 
slope of 0.001 and the rectangular section, the signal recovery was up to 1 km upstream and 16 km 
upstream, and 22 km upstream for manning's coefficient of 0.01, 0.035, and 0.05, respectively. 
Similarly, for the slope of 0.0005, the signal recovery was up to 11 km upstream and 30 km upstream 
and 25 km upstream for manning's coefficient of 0.01, 0.035, and 0.05, respectively, and for the slope 
of 0.0001, the signal recovery was up to 30 km upstream and 30 km upstream and 30 km upstream for 
manning's coefficient of 0.01, 0.035 and 0.05, respectively. Furthermore, when a particular slope was 
fixed, and manning's coefficient was varied, the chance of signal recovery to a longer distance was 
improved with increasing manning's coefficient. 

6. Conclusions
As the flow is more diffusive in flat areas than in hilly areas where the flow is generally kinematic 
type, it is more critical to model flow in flat areas. Despite this fact, the VPMM-R model is able to 
recover the inflow signal well for flat slope condition (<0.0005) although the solution of Saint 
Venant’s equations for reverse routing are often not stable for a long reach length. 

From this study, the flowing conclusions may be drawn. 

1. The flow reproduction is more as the flatness of slope increases.
2. The inflow signal is recovered for a longer distance as the manning’s coefficient value

increases.
3. The above trend is also visible for both rectangle and trapezoidal cross sections

although the rectangular cross section has better performance in terms of distance for
which inflow signal is recovered.
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Abstract 

This paper contrasts the relative contribution of state observations and perfect forecasts of future water availability 

in improving multipurpose water reservoirs operation over short-term and long-term temporal scales. It is also 

reproduced key properties for hydrometeorological parameters. The main aim to generate the synthetic streamflow 

data for calculating reservoir capacities in pulichintala catchment or sub-basin/ Dr. K. L. Rao Pulichintala Project 

Sub-Basin (KLRSPP). From that, Planning and operation decisions need to be made at different times depending 

on the requirements of the project.  The pulichintala sub-basin moderately falls under a semi-arid zone, around a 

central arid zone. One-third of the basin comes under the Deccan traps, with major soil types being black soils, 

alluvium, red and mixed soils. SWAT has been used to investigate the potential impacts of climate change on the 

water resources of the pulichintala sub-basin. The simulations were carried out with the historical observed and 

generated data with climate data of the results were evaluated. The calibration and validation of the model were 

carried out using the SUFI-2 algorithm in SWAT-CUP. a fitting module is used to identify and estimate the Daily 

Runoff simulation using three different approaches. Nevertheless, the identification of skillful forecasts and 

models might be highly critical when the system comprises several processes with inconsistent dynamics and 

disparate levels of predictability. The work shows about one of the Pulichintala sub-basin from the Krishna river 

basin system and predicted sequence of streamflow supply to different objectives.  

Keywords: SWAT, Regression, Reservoir, Reservoir Simulation 

1. Introduction

Streamflow is one of the most important variables of the hydrological cycle. Ochova (2019) stated the 

current demands for water resources planning and management in plains require models that adequately 

quantify the interaction between surface water (SW) and groundwater (GW) because, in these systems, 

the vertical movements of water like evapotranspiration (ET), recharge, and variation in the storage of 

the unconfined aquifer was predominate over the horizontal movement (surface run-off) due to its low-

morphometric potential (Guevara-Ochoa et al. 2017;  Guevara-Ochoa 2018). Hydrological models are 

used in science and practice to predict extreme events in terms of flood and low-flow events for river 

management. Therefore, a challenge of hydrological models is to adequately represent all phases with 

the same model parameter set to avoid underestimating the very high flow and therefore the risk of 

flooding and to avoid overestimating the very low flow and water supply problems. There are many 

hydrological models. Conceptual hydrologic models that simulate streamflow in a watershed take into 

consideration various processes of the hydrological cycle through mathematical formulation. In the 

present study, SWAT 2012 was used for hydrological modeling. For calibration, the three widely used 

algorithms of GLUE, SUFI-2, and ParaSol were applied and compared to determine the best calibration 

technique. In this investigation, The model required a digital elevation model (DEM), a land use/land 

cover (LULC) map, and a soil map as inputs for watershed delineation and hydrological response unit 

(HRU) analysis. Earlier researchers analysed the Daily meteorological data from the different places 

with a different time variation or time step data. The major target of this examination was to delineate 
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the watersheds, divide the study area into sub-watersheds, determine the number of streams, and 

estimate their order, and then to establish information regarding the outlet points and reservoirs 

available in the watershed to accurately divide it into HRUs having similar but unique land types, soil 

types, and elevation properties (Shivhare et al. 2018; Ghimire et al. 2020; Roth 2019). These units 

permit simpler modeling. Finally, after providing the meteorological data, the SWAT was run to 

estimate runoff, sediment yield, and evapotranspiration for each HRU and sub-watershed. The model 

was then calibrated for the observed data from the different periods at the sub-watershed and watershed 

level using the SUFI-2, GLUE, and ParaSol algorithms (Abbaspour et al. 2015 and White 2005).  Niu 

(2018) stated that all of the existing methods can be roughly divided into two different groups: the first 

includes traditional techniques like scheduling graph method (SGM) and multiple linear regressions 

(MLR); and the other is artificial intelligence (AI) approaches represented by an artificial neural 

network (ANN), extreme learning machine (ELM), and support vector machine (SVM). it is of great 

necessity to make the utmost of the regulation abilities of all the reservoirs. As a result, reservoir 

operation optimization has become one of the most significant tasks in water resources and power 

systems over the past decades. Patel (2016) analysed the daily streamflow data estimation of Wainganga 

River with an application of the Multiple Linear Regression Model. Without considering the 

temperature, topography, or other parameters of the study area, simply using the data of rainfall and 

streamflow to predict the future segments of data is the key characteristic of this technique. Ignoring 

the parameters of temperature, the topography may lead to inaccuracy in forecasting future runoff, but 

the use of Multiple linear regression-based techniques provides a simple and fast way to determine the 

streamflow (Patel et al. 2016). A  study assessing commonly used flood frequency methods compared 

deterministic and regression models for determining peak flood flow frequencies for rural ungauged 

watersheds. 

2. Study Area and Data Used

The study area pulichintala reservoir is one of the parts of the Krishna river basin in India. The current 

study area lies between latitude 16°77′00’’ N, longitude 80°05′20’’ E located at the catchment area 

around 2562.6294 Sq. km after portion of Nagarjuna Sagar reservoir, which is at the outlet of the 

catchment (Figure 1). The following areas krishna,guntur, West Godavari, Prakashan are benefited from 

the Plichintala Sub-basin (KLRSPP) and It is a crucial irrigation facility for farmers of four coastal 

districts of Andhra Pradesh where irrigation facility for 13 lakh acres. The cost of the project has 

exceeded Rs.1850 crores. Krishna river is the only tributary of this sub-basin. Pulichintala Project called 

as KLRao Sagar Pulichintala Project (KLRSPP) multipurpose irrigation project is a multi-purpose 

project serving irrigation needs, hydropower generation, and flood control and some of the authors were 

analysed and made the reports on the Krishna river basin system (Nr et al. 2014).  

2.1 Data Collection 

For the Krishna River Basin, the hydrological and meteorological data of Precipitation ((0.25°×0.25°)  

and minimum and maximum temperatures (0.5°×0.5°) were used as weather inputs for the model, 

obtained from Indian Meteorological Department (IMD), Pune, India (Pai et al., 2014 and Tirupati 

2018). The other required data such as solar radiation, wind speed, and relative humidity were 

autogenerated by the SWAT in build weather generator. The streamflow data was obtained from the 

Water Resources Department, Andhra Pradesh, India. The topography details, soil characteristics, and 

land use/ land cover (LULC) maps were required for the hydrological modeling setup. The topographic 

details of the study area were provided in the Soil Water Assessment Tool (SWAT) as a Digital 
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Elevation Model (DEM). Shuttle Radar Topography Mission Digital Elevation Model (SRTM-DEM) 

of 30 m resolution map was used, which was obtained from the U. S. Geological Survey (USGS). The 

required soil/ Food and Agriculture Organization (FAO) Soil Map and LULC maps of the study area 

are obtained from the water base (http://www. waterbase.org/) and prepared as per the SWAT model 

requirement. 

Figure 1 Location map of Pulichintala sub-basin (KLRSPP) with reach network 

3. Methodology

3.1 Artificial Neural Network (ANN) and Network Activation Function 

The dedication of work is to provide a valuable type model related to solving a problem and related to 

solving real-world system problems. The prime structure of ANN is learning adjustment, generality, 

parallelization, stiffness, association stored information and processing information. Thus the more 

commonly network employed in ANNs is the Multi-Layer Perceptron (MLP), The Single-Layer 

Perceptron (SLP), and Feed-Forward based on Back-Propagation (FF-BP) algorithm (Hammid et al. 

2017).   

Figure 2 The Background structure of Artificial Neural Network 

where ‘y’ is the output of a neuron ‘j’, f is an activation function, ‘xi’ is an input of the vector of inputs 

(i = 1, 2, . . . , n), wi is the weight associated with the connection link through which the input ‘xi’ arrives 
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at current neuron ‘j’ from a neuron in the preceding layer and ‘bj’ is a bias associated with neuron ‘j’. 

The mathematical operation of a neuron is given as Equation 1. 

Yi = f (∑ Xi. Wi − bj

n

i=1

)  (1) 

 The following methods are very important to check the streamflow data while comparing it with 

observed data. First, mean square error (MSE) in Eq. 2 is used as an indication of predicting errors in 

overall training vectors. It’s very valuable to make comparisons among different models. (Nabavi-

Pelesaraei et al. 2016) applied the root mean square of error (RMSE) in Eq. 3 to measure the 

performance of the network training.  The Mean Absolute Error (MAE) in Eq. 4 was employed to make 

filtering in the most likely optimal networks on two cases training and checking data sets (Olawoyin et 

al. 2016 and Ashtiani et al. 2016). Training and checking of the network performances are resolved by 

taking the considered outcomes of the MAE as presented. The typical values of RMSE and MAE are 

zero or nearly zero. The correlation coefficient (R2) in Eq. 5 is widely used to check the predictions of 

output accuracy level. It was computed to choose the best and right network (Buyukada et al. 2016; 

Gutierrez-Corea et al. 2016). The above methods are expressed as and where, hi is Observed, hm is 

forecasted output values and ‘n’ is a number of training respectively. 
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a) b) 

Figure 3 Regression plot of a) Calibrated and b) Validated ANN 

3.2 Soil Water Assessment Tool (SWAT) Model Description 

SWAT is a physically-based hydrological model developed by the US Department of Agriculture 

(USDA). SWAT is a distributed deterministic model that is extensively used to investigate the 

watershed hydrology stated by Gosain (2011). Referring to many articles by giving the optimum choice 

among the different hydrological models owing to its proficiency for application to large-scale type 

watersheds (>100 km2), interface with a Geographic Information System, continuous-time oriented 

simulation performances (Gosain et al. 2011), and the generation of the maximum number of sub-basins 

to the ability to characterize the spatial information of watersheds with enough detail by Tirupathi 

(2018). SWAT model has emerged as one of the most widely used eco-hydrological models worldwide 

(Gosain et al. 2011 and Tirupathi 2018) 

The computational components of SWAT can be placed into eight major divisions: hydrology, weather, 

sedimentation, soil temperature, crop growth, nutrients, pesticides and agricultural management (Singh 

2013) The SWAT model uses physically based inputs such as weather variables, soil properties, 

topography, vegetation and land-management practices occurring in the catchment (Singh et al. 2013). 

SWt = SWo + ∑(Rday + Qsur + Ea + Wseep + Qgw)  (7)

n

i−1

 

Qsurf =
(Rday − 0.2S)

2

(Rday − 0.2S)
, R > 0.2S  (8) 

Surface run-off is computed using a modification of the SCS curve number (USDA Soil Conservation 

Service 1972) or we can use the Green and Ampt infiltration method. Where, ‘”Qsurf” is the accumulated 

run-off (mm) or excess rainfall in mm, “Rday” the rainfall depth for day in mm and “S” is the retention 

parameter in mm. Streamflow will occur when Rday > 0.2S. The retention parameter is defined as 

S=25.4*((1000/CN)-10). where CN is the curve number for the day. 
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3.2.1 Sensitivity Analysis, Calibration and Validation 

Abbaspour (2015) used the Sensitivity analysis and calibration of parameters of the SWAT model was 

carried out automatically in SWAT-CUP (SWAT-Calibration Uncertainty Programme) using the SUFI-

2 algorithm. Sensitivity analysis allowed us to calculate the rate of change in model output concerning 

changes in model parameters (Abbaspour 2015)  and thus we were able to identify the most influential 

parameters in governing streamflow (Abbaspour et al. 2015 and White 2005). The parameters were 

calibrated using the observed daily discharge; the process consists in adjusting them so that the daily 

simulations are as close as possible to the observations.  

a) 

b) 

Figure 4 Average monthly discharge (Cms) ofa) calibration and b)Validation for the KLRSPP sub-

basin-16 outlet 

Figure 5 Sensitivity of flow parameters for the Pulichintala sub-basin 

Firstly, we performed 250 model runs to obtain the sensitivities, and the most sensitive parameters were 

identified for each basin. Afterward, one iteration of 500 simulations was run as recommended 
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(Abbaspour et al. 2015; Kalogeropoulos 2011) and later 1500 simulations were run by readjusting the 

parameters after the second iteration. The input daily streamflow data series was taken into 

considerations like the warm-up period from 2010 - 2013, calibration period from 2014 - 2017 and 

validation period only 2018 year in daily time-step taken respectively. Sensitivity analysis helps to 

identify the most influential parameters in governing streamflow (Abbaspour et al. 2015) with 

supportive SWAT parameters shown in Table 1 and Figure 4 Average monthly discharge (Cms) of a) 

calibration and b)Validation for the KLRSPP sub-basin-16 outlet. Sensitivity analysis was carried out 

using different SWAT input parameters to test the p values. If the p-value is less than 0.05 (p-value 

<0.05) then the parameters are sensitive and should be considered for further calibration (Abbaspour et 

al.2015). 

Table 1 Parameters used in the SWAT model calibration and Validation in KLRSPP 

S.No. Parameter_Name Min_value Max_value Fitted_Value 

1 r__CN2.mgt -0.230439 0.056839 -0.0868

2 v__ALPHA_BF.gw 0.428402 1.285599 0.857 

3 a__GW_DELAY.gw -49.631176 283.511169 116.939995 

4 a__GWQMN.gw 0.682807 2.049193 1.366 

5 r__ESCO.hru 0.295401 0.886599 0.591 

6 r__EPCO.hru -0.474597 0.508597 0.017 

7 r__SOL_AWC().sol -0.0703 0.2893 0.1095 

8 a__GW_REVAP.gw -0.038968 0.120368 0.0407 

9 a__REVAPMN.gw -59.98967 46.689674 -6.649998

3.3 Multiple Linear Regression (MLR) Model 

The MLR can be expressed in eq. (9), To minimize the square residual is simply an extended form of 

Simple regression in which two or more variables are independent variables are used. Y = Dependent 

variable; α = Constant or intercept; β1 = Slope (Beta coefficient) for X1; X1 =First independent variable 

that is explaining the variance in Y; β2 = Slope (Beta coefficient) for X2; X2 = Second independent 

variable that is explaining the variance in Y; p= Number of independent variables; βp= Slope coefficient 

for Xp; Xp= pth independent variable explaining the variance in Y (Patel et al. 2016). 

Y = α + β1X1 + β2X2 + ⋯ ⋯ ⋯ + βPXP  (9) 

Figure 6 Plot between Actual and Predicted streamflow (Cms) using MLR 

4. Comparision and Discussion
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We proposed the use of SWAT, ANN and MLR a machine learning technique, to simulate the daily 

streamflow values and compare the results of three models to analyse their capabilities. They were 

applied in pulichintala sub-basin with contrasting climates to check the validity of these models in 

basins with different climatic conditions. For determining the type and number of inputs for ANN 

models, four scenarios were considered in the selected basin, and they showed that the inclusion of daily 

precipitation, precipitation of previous days and total rainfall in the previous days was important to 

estimate the daily streamflow. After calibrating (2014-2017) SWAT models for daily observed 

streamflow through the SUFI-2 algorithm, results indicated that SWAT has a better performance in 

estimating very low values of streamflow, whereas ANN estimated very high values with greater 

precision in all cases studied as well as ANN values are better than MLR Results because the statistical 

parameters are showing the MAD (0.2147), MSE (211.6793) and MAPE (0.0246).  

Table 2 Comparison of Statistical Forecasting Techniques for SWAT, ANN and MLR of KLRSPP 

S. No. Model MAD MSE RMSE MAPE 

1 SWAT 0.3979 828.5445 28.7844 0.0439 

2 ANN 0.1950 218.5788 14.7844 0.0217 

3 MLR 0.2147 211.6793 14.5492 0.0246 

Moreover, the results suggest that SWAT and ANN models were better the MLR model when the 

climate was more humid and Semi-arid conditions. When the basin has more arid weather and, 

therefore, it is more complicated to model, ANN obtained better performance in more hydrograph 

phases than SWAT and MLR results are better at the data is low ranges. One of the advantages of the 

ANN and MLR models was that do not require any physical characteristics of the watershed and, 

therefore, their implementation is easier.  

The NSE and RMSE scale the MSE of estimation models in Table 3, therefore they particularly reflect 

the performance on high values. Thus, the above discussions on evaluation criteria and plots of 

estimated data could not provide explicit performance on the different intervals of values. The 

regeneration of the streamflow data was analysed by the Flow Duration Curve (FDC) of KLRSPP sub-

basin for the validation periods in Figure 8 and done the same process to the calibration period. The 

FDC for KLRSPP sub-basin shows that the SWAT performed better in the very high flow part and 

ANN and MLR were better in the very lower flow parts. The values obtained by SWAT, ANN and by 

MLR were graphically similar for the rest of the flow parts values for Sub-basin shown in Figure 7, 

SWAT and ANN was the better working model for KLRSPP sub-basin in the low and high flows. 

Table 3 Performances of SWAT, ANN and MLR models for KLRSPP 

S.No. Model Calibration (2014-2017 or 1461 Points) Validation (2018 or 365 Points) 

R2 NSE RMSE PBIAS R2 NSE RMSE PBIAS 

1 SWAT 0.97 0.97 9.4 5.4 0.91 0.55 18 22.4 

2 ANN 0.9 0.75 10.78 22.30 0.8 0.62 21.23 23.97 

3 MLR 0.77 0.47 8.98 28.34 0.5 0.44 31.78 17.23 
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Figure 7. Comparison of observed and simulated daily streamflow by SWAT, ANN, and MLR  of 

KLRSPP 

Figure 8 Flow Duration Curve (FDC) of Calibration period of KLRSPP 

5. Conclusion

It is still necessary to develop estimation models with conceptual ideas to reflect the characteristics of 

streamflow. Artificial Neural Network is a black-box model, and to gain knowledge about the water 

balance and its components, the SWAT model is more useful and also the MLR model will help to find 

synthetic type data without physical parameters. Despite the advantages and disadvantages of each 

model, the results suggest that to simulate values of streamflow time-series, the choice between the 

SWAT or ANN also MLR has an impact on the accuracy of estimated flow. This idea for modeling 

streamflow can be extended to other machine learning techniques, which we could explore in future 

works. Besides, the ANN and MLR models are only considered the input parameters of precipitation 

(0.25 o x 025o), temperature (0.5 o x 0.5o) and other climatic parameters. The influences of other inputs 

related to the streamflow can be explored additionally to improve the current study means pulichintala 

sub-basin (KLRSPP). 
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Abstract 

In river and streams, roughness coefficient, flow velocity, river bed materials, bed slope, flow path varies from 

place to place. These factors influence the erosion and sedimentation of river bed particles in the flow regime. 

Consequently, the river stage and discharge along the cross-section of flow are disturbed resulting in the flooding 

of river banks and inundation of low lying areas. In the present study, a sensitivity analysis of flood routing 

parameters was carried out using a 1-dimensional HEC-RAS model developed for the Nethravathi river regime. 

The geometrical parameters such as Manning’s roughness coefficient, bed slope and computational parameters 

such as time step and θ-weighting parameter were considered to test the model sensitivity. The model was analysed 

by varying the manning’s roughness and bed slope values with ± 10%, ± 20% and ± 30% as well as varying the 

θ-weighting parameter from 0.6 to 1, for the computational time step 10 sec, 30 sec, 2 min, 6 min, 15 min and 30 

min. The model was found to be very sensitive for the choice of Manning’s n values than the consideration of 

time step, θ-parameter and normal depth. However, the normal depth was found to be comparatively sensitive to 

the model accuracy with river-stage output result rather than the discharge. The study suggested that the roughness 

coefficient can overshadow the uncertainties related to insufficient geometry data and the numerical solution. 

Keywords: Sensitivity analysis; flood routing; HEC-RAS; Manning’s roughness co-efficient. 

1. Introduction

Floods are one of the most common natural disasters, resulting in human deaths, significant economic 

losses, the degradation of agricultural land, and property and infrastructure damage (Mahmood et al. 

2019). River hydrodynamic modeling is important in order to mitigate damages from flooding events 

and to prepare flood control operations. Hydrodynamic models are mathematical models that provide a 

physical basis for simulating a wide range of flow situations and sediment transport. These models 

simulate water movement by solving governing equations, which are formulated based on the laws of 

physics (Teng et al. 2017). St.Venant equations are used to calculate the space-time variation of flow 

and water level in rivers (Kim et al. 2019; Kappadi at al. 2021). The Manning’s roughness is a important 

parameter for hydrodynamic model calibration and validation, which plays a vital role in natural river 

modelling (Kappadi et al. 2019). Channel roughness represents the quantity of frictional resistance of 

water. The channel roughness plays a very important role among other hydraulic parameters of flow in 

open channels. It is dependent upon factors such as river morphology, vegetation cover, meandering 

and surface roughness. The seasonal fluctuations in stage and discharge depending on the fluvial erosion 

distinguish the roughness coefficient of river bed material. The roughness coefficient changes along the 

river based on flow characteristics along the channel. Estimation of discharge and depth of flow is 

contingent upon accurate representation of roughness coefficient, surface condition and channel 

geometry (Kappadi et al. 2021) which is mostly calibrated using observed water levels (Wang et al. 

2010). Considering the significant sensitivity of this parameter, it has been widely selected as a 

calibration parameter, and manually calibrated in hydrodynamic modelling approaches (Kumar 2018). 

Over the manual calibration, the simulation and observed data are compared for different values of 

channel roughness until the satisfactory match between model response and historical data is obtained 

(Kappadi and Nagaraj 2020). Manual calibration is normally mentioned as the standard for 

hydrodynamic modellings (Dung et al. 2011). In addition to the channel roughness, the boundary 
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conditions have significant impacts on the simulation results. Basically, model inputs (e.g. boundary 

conditions and initial conditions) are considered as the main sources of uncertainty, which leads to 

differences of a model outcome with reality (Warmink et al. 2011). In order to quantify and address the 

uncertainty of a model, a sensitivity analysis should be implemented to identify the sensitivity of 

different river locations to model input uncertainties. In order to address the uncertainty, the response 

of a model performance to a range of variations in model inputs should be investigated. Therefore, 

boundary conditions should be studied for the sake of evaluating the sensitivity of the model. To be 

more exact, a sensitivity analysis is essential in order to explore and quantify the influence of possible 

changes in boundary conditions on model output and system performance indices (Wang & Solomatine 

2019). Many studies have performed sensitivity analysis using regular perturbations of input 

parameters, and by making changes in input data by a given percentage (Islam et al. 2018). In this study 

a sensitivity analysis was carried out for the 1D HEC-RAS model in Nethravathi river to determine the 

impact of geometric and computational parameters on model results and stability. 

2. Study area

The Nethravathi River is a west-flowing river of Karnataka originating at Bangarabaliga gudda located 

at Western Ghats. The river descends fast from the hills into steep valleys up to the foot of the 

Ghats and flows to join the Arabian Sea. It lies between latitude 12030’ to 13015’ north latitudes 

and 74045’ to 75045’ east longitudes. The Nethravathi River catchment covers an area of 3657 km2 

(Fig. 1). The topography of the catchment changes from steep hills and mountainous terrain in the upper 

catchment to wide, flat floodplains at the river mouth. Catchment elevations vary from 1686m to less 

than 0 m in lower reaches. the Nethravathi River has a simple drainage network with Kumaradhara river 

as major tributaries, In the context of surface hydrology, the Nethravathi River exhibits significate 

seasonal fluctuation in river discharge. High flows occur in monsoon, with discharges ranging between 

109 m3/s and 134 m3/s. The lower Nethravathi River catchment is characterized by increasing urban 

development. This lower reach is surrounded by many residential buildings, and industrial. This 

populated area has been always in danger of probable flooding events. For instance, a peak flood of 

almost 4481 m3/s was recorded in 2008. The highest recorded water level corresponding to this event 

was 8.5m in 2008(CWC).  

Figure 1 Study area 

The present paper focused on 45 km stretch of lower Netravathi River basin, which is most susceptible 

region to flooding. To define the upstream and downstream river conditions, three monitoring sites were 

selected, namely Sarve bridge, Uppinangadi and  Bantwal observation sites Figure 2. 
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Figure 2 The Nethravathi River, gauging station used in this study 

The Nethravathi River has high discharge and water level from Jun to October (wet season), while low 

rate of discharge and water level is observed from November to may (dry season). Additionally, the 

highest discharge and water level occurred in August, whereas December recorded the lowest rate of 

both discharge and water level. Daily discharge and water level data at Uppinangadi gauging station 

and daily discharge and water level data at Bantwal Gauging station for the year 2008 and 2009 were 

collected from Karnataka Public Work Department (KPWD) and Central Water Commission (CWC) 

and were used as the upstream and downstream boundary conditions, respectively, in the hydrodynamic 

model. Hydrodynamic river models need river cross section data, in which the topographic elevations 

were obtained from DEM data. The 10m resolution DEM data were used to extract the topography level 

along the Nethravathi River. The DEM data were collected from National Remote Sensing Center 

(NRSC) Indian.  

3. Hydrodynamic river modelling using HEC-RAS

Hydrodynamic models can potentially perform river flow simulation at one dimensional (1D) or 

two/three dimensional (2D/3D) levels (Teng et al. 2017). Each of the stated models is associated with 

both advantages and disadvantages. The decision on selecting the applied dimension in hydrodynamic 

model depends on the case study, the scale, spatial resolution, required output, and available field data 

(model input data) (Leandro et al. 2009). Despite the development of 2D/3D models, 1D hydrodynamic 

models are still significantly useful due to their accuracy in describing the hydraulic behavior of natural 

streams and rivers as well as requirement of low computation time and relatively scare field data (Chen 

& Liu, 2017). Bates (2004) confirmed that if high-resolution topographic data is used, 1D models are 

able to simulate river flow and flood propagation accurately in larger stream domains and over long 

periods of time. Merwade et al. (2008) discussed that 2D/3D hydrodynamic modelling approaches are 

efficient for flood inundation mapping. Regarding that the purpose of the current research is to calibrate 

and validate a river hydrodynamic model for evaluating the water level and discharge at Bantwal station 

of the river rather than flood inundation analysis, the 1D modelling approach has been selected. 

Additionally, concerning the low computation time, limited available input data, and non-complex river 

system, the 1D approach has been a preferred tool. The hydrodynamic model chosen for the current 

study was the 1D HEC-RAS, which is able to simulate unsteady flow in rivers and floodplains. HEC-

RAS contains different modules, which is used for computing unsteady flow, discharge, and water level 

in rivers and floodplains (Kappadi et al. 2020). 
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HEC-RAS is a hydraulic model developed using Saint-Venant Equations 1 and 2 by Hydrologic 

Engineering Centre (HEC) of the U.S. Army Corps of Engineers in 1964 (Brunner, 2016a), 

Continuity equation   

0h

y v dy
D V

t dx dx

 
  


 (1) 

Momentum equation  

0b f

y v dy
V g S S

t dx dx

   
     

  
  (2) 

Where, A = area of flow, V = velocity, Dh =A/B = hydraulic depth, y = depth of flow, x = distance along 

the channel length, g = acceleration due to gravity, t = time, Sb= channel bottom slope and Sf = frictional 

slope.  

Manning’s ‘n’ is greatly affected by frictional slope and obtained from the Manning equation for 

velocity, which is rearranged to solve 
fS as: 

2 2

2 4/3f

n V
S

k R
       (3) 

 Where, n  = Manning’s roughness coefficient (dimensionless), V = average velocity, k = constant and 

R  = hydraulic radius (m). 

Sb is channel bottom slope and this obtained by: 

1 0( )
b

y y
S
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 (4) 

Where, 0y and 1y are the lowest section elevations or water levels of the downstream and upstream 

slope extents, respectively dx is the longitudinal distance between them

For simulation using HEC-RAS, following input data are provided, which includes, geometry, 

resistance, boundary conditions of the channel downstream and upstream. 

4. Result and discussions

4.1 model simulation 

The model is calibrated using flow hydrograph for the 2008 and validated for year of 2009. Correlation 

coefficient (R) and Nash-Sutcliffe efficiency (NSE) test (Nash and Sutcliffe, 1970) has been utilized 

for comparing simulated with observed flow hydrograph at Bantwal gauging station. The model result 

showed good consensus between computed and observed flow discharge (Kappadi et al. 2020).  

4.2 Sensitivity analysis 

The HEC-RAS model uses, channel geometry, upstream and downstream boundary conditions and 

roughness coefficients to compute a water-surface profile. In this study a sensitivity analysis was carried 

out for the 1D HEC-RAS model to determine the impact of some geometric and computational 

parameters on model results and stability. The parameters that were investigated in the sensitivity 
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analysis are Manning’s roughness co-efficient, bed slope, computational time step θ-weighting 

parameter. The sensitivity analysis was performed for manning’s roughness and bed slope varying ± 

10%, ± 20% and ± 30% for θ-weighting parameter varying 0.6 to 1 and the computational time step 

10sec 30 sec 2min, 6min, 15min and 30min 

4.2.1 Sensitivity analysis for time step 

The time step of the hydraulic computations will affect how the temporal derivatives of the governing 

equations are approximated. If the computation time step is too large the change in hydraulic properties 

between two consecutive time steps might be too large, causing instability. A too small-time step can 

also cause instability issues. The time step sensitivity analysis was carried out in order to investigate 

how the choice of time step influences stability and simulation results. The sensitivity of time step on 

output result shown in Figure 3.  

Figure 3 Stage and flow hydrograph for deferent computational time step 

0

1

2

3

4

5

6

7

1 2 3 4 5 6 7 8 9

S
ta

g
e

Hours

10 sec

30 sec

5 min

20 min

30 min

1 hr

0

500

1000

1500

2000

2500

3000

1 2 3 4 5 6 7 8 9

D
is

h
cr

a
g
e 

Hours 

10 sec

30 sec

5 min

20 min

30 min

1 hr

33



The result shows when time step increases the peak stage is reduced but the more change is not 

noticeable until the time step exceeds 30 sec. The reduction of peak stage reflects a general flattening 

of the hydrograph, which could be a result of numerical diffusion due to the time step being too large 

(Brunner, 2016a). When the time step is increased the timing of the peak is delayed. This is due to the 

variations on a smaller time scale than the model time step cannot be captured, a model with a 1-hour 

time step cannot capture a peak occurring at given half hour. The conclusion from the time step 

sensitivity analysis is that the 1D model is not much sensitive to the choice of time step. 

4.2.2 Sensitivity analysis for weighting factor (Theta) 

When the hydraulic computations are performed the governing differential, equations are solved using 

numerical approximations of the derivatives. The spatial derivatives are evaluated at an interior point 

(n + θ)∆t, with 0.6 < θ < 1. Generally, a lower θ-value will produce a higher accuracy but may reduce 

model stability. (Brunner, 2016b). In order to investigate how the choice of θ-value impacts the model 

results, a sensitivity analysis was carried out. When θ is reduced to values smaller than 0.6 the model 

unstable. However, comparing the output results from Theta 0.7, 0.8, and 0.9 with the θ = 1, no 

difference in output stage but in very small increase in discharge 0.1 m3/sec which is negligible. From 

result it shows that the accuracy associated with θ-parameter was insignificant in the Nethravathi river 

model. The conclusion from the weighting factor sensitivity analysis is that the model is not much 

sensitive to the choice of Theta value. 

4.2.3 Sensitivity analysis for normal depth 

The results of the sensitivity analyses for normal depth shows in Figure 4. Varying the normal depth 

value by ± 10% changed the estimated peak depth of flow by 0.12 m from the base value and the 

estimated discharge is not changed. Varying the normal depth for the study reaches by ±20% the 

estimated peak depth of flow changed by an average of 0.22m to 0.27m and the estimated discharge is 

charged by 0.14 m3/sec, where even a change of ±30% in normal depth corresponded to 0.32m to 0.44m 

change in estimated peak stage and 0.18 m3/sec in the estimated discharge. The result shows that the 

normal depth is more sensitive to model accuracy of stage output result rather than discharge.  

Figure 4 Stage hydrograph for deferent normal depth. 

4.2.4 Sensitivity analysis for Manning’s roughness 

Manning’s n is a friction parameter reflecting the resistance against flow from the bottom surface. A 

high Manning’s n value reflects a high frictional resistance, and will thus produce a slower flow and 
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higher water levels, whereas a lower Manning’s n will allow more rapid flow and lower stage. The 

impact on stage and flow hydrographs and inundation extent of changing Manning’s n was investigated. 

Manning’s n is often used as a calibration parameter, and it is valuable to have an approximate idea of 

the magnitude of the response to a change in Manning’s n. 

Figure 5 Stage and flow hydrograph for deferent Manning’s roughness 
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and stage, and reduce the total inundation extent. Figure 5 shows the response of changes n-value in a 

cross section in the Nethravathi river. It can also be noted that the change in output as a result of 

changing Manning’s n was significantly larger than the changes due to change in time step, θ-parameter 

and normal depth. This indicates that the choice of friction coefficient can to some extent overshadow 

the uncertainties related to insufficient geometry data and the numerical solution. 

5. Conclusions

The present study utilized a one-dimensional hydrodynamic modelling approach to identify the 

sensitivity of geometric and computational parameters. the model predicted data at selected gauging 

site was very close to observed field data and also shows good agreements between model output and 

observed data at Bantwal gauging station. Regarding the fact that the lower Nethravathi River is located 

in an urban estuary, determination of the hydraulic condition, particularly water level changes, at 

Bantwal station this river is crucial to address human losses over different river conditions.  

The results of the current study demonstrated that the calibrated model is an efficient and easy- to-apply 

tool for flow predictions of rivers. Additionally, the random noise sensitivity analysis can equip 

modellers with a robust tool to assess the sensitivity of a model to input parameters. the normal depth 

is comparatively sensitive to the model accuracy of stage output result rather than discharge. Whereas, 

the model is very sensitive to the choice of Manning’s n.  The change in output as a result of changing 

Manning’s n was significantly larger than the changes due to change in time step, θ-parameter and 

normal depth. The sensitivity analysis is that the 1D model is not much sensitive to the choice of time 

step and the Theta value. This indicates that the choice of friction coefficient can to some extent 

overshadow the uncertainties related to insufficient geometry data and the numerical solution. 
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Abstract 

The alluvial riverbanks of the mighty river Brahmaputra and its tributaries in North East India are mostly unsafe 

due to steep slopes. Therefore a safety analysis is carried out in upper Assam by analyzing the bank material 

characteristics based on the stability of these banks using Culman type stability analysis method. Collected bank 

materials (soil samples) are tested to determine the unit weights and shear parameters for each bank material. 

The failure plane angles are determined for each bank for bank angles 60º to 85º. The banks are found to fail at 

critical bank angles that are calculated for factor of safety 1.00. The safety of these riverbanks is investigated by 

calculating the stable bank angles for each bank at factor of safety 1.25. 

Keywords: Alluvial riverbank; Failure Plane Angle. 

1. Introduction

Alluvial riverbanks are composed of alternate layers of silt, sand and clay. In India, the Brahmaputra 

flood plain exhibits a large deposition of alluvial soil in the state of Assam. The soul river of the state, 

the Brahmaputra and the other riverbanks are composed of alluvial deposits. These alluvial riverbanks 

are more prone to failure due to the variation of the shear properties in the alternate layers of soil. 

However, various riverbank stability analysis methods consider the soil mass to be homogeneous. The 

sediments transported by the river current are deposited near the bank toe. During rainy season, the 

deposits on the bank toe are eroded easily by the high river current and thereby weaken the bank by 

increasing the bank height. This causes failure of the banks which adversely affects the nearby 

agricultural lands and habitats. Therefore safety analysis of these banks is required. 

The present safety analysis is carried out of different riverbanks in upper Assam by evaluating the 

stability of the banks using Culman-type of stability analysis method given by Osman and Thorne. 

The method assumes the banks to be homogenous, steep and isotropic with planar failure. Critical 

bank angles are evaluated for factor of safety 1.00. But, this method does not consider the influence of 

the water table, type of vegetation in the bank, surface run off etc. Hence, in this work, a higher factor 

of safety value is considered for more practical analysis of the stability. The analysis is carried out for 

steep banks with bank angles starting from 60º to 85º. 

2. Experimental program

The safety analysis of the alluvial riverbanks in the Brahmaputra flood plain is initiated first by 

evaluating the shear parameters and unit weights of the collected soil samples. These bank material 

properties are taken as the average values, as the type of soil and its properties did not differ much for 

different locations of the same river. The bank geometry is shown in the figure 1. Osman and Thorne 

put forwarded the standard formulae to calculate the factor of safety, (FOS) as follows: 

        FOS=  (1) 

Where, Resisting force, Fr= 
(   )  

 +Wt cos  tan φ'   (2) 

      Driving force, Fd = Wt sinβ (3)
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        Weight of the failure block, Wt = (   )  (4)

      Depth of cracking, y=KH   (5) 

  Failure plan angle, β= 
 
× [tan

-1 
{(

 
)

 2 
(1-K

2
) tan i} +φ]   (6) 

Figure 1 Geometry considered for the present analysis 

Figure 1 shows the bank geometry considered for this analysis which was presented by Osman and 

Thorne in 1988. In the figure, initial height of the bank is considered as H0 and after degradation of the 

bank by Δz, the total height is considered as H. Depth of cracking depends on coefficient of earth pressure, K. 

The factor of safety calculation using the standard formulae is represented in Table 1. 

Table 1 Parameters for FOS calculation 

Sl. No. Initial 

Bank 

Height 

(m) 

Degradati

on Depth, 

Δz (m) 

Bulk Unit 

Weight 

(g/cc) 

Effective 

Cohesion, 

c' (kN/m
2
) 

Effective 

Angle of 

Internal 

Friction, 

φ' (º) 

Bank 

Angle, 

i 

(º) 

Failure 

Plane 

Angle, β 

(º) 

FOS 

Bank-1 

Bank-2 

Bank-3 

2.45 

2.55 

3.7 

0.25 

0.22 

0.32 

1.75 

1.78 

1.72 

9.25 

9.65 

7.76 

23 

21.4 

31 

60 

65 

70 

75 

80 

85 

60 

65 

70 

75 

80 

85 

60 

65 

70 

75 

80 

85 

51.44 

52.40 

53.29 

54.13 

54.94 

55.72 

50.58 

51.47 

52.39 

53.26 

54.09 

54.90 

55.93 

56.80 

57.61 

58.37 

59.09 

59.80 

1.12 

1.08 

1.04 

1.01 

0.98 

0.95 

1.08 

1.04 

1.00 

0.97 

0.94 

0.91 

1.10 

1.06 

1.03 

1.00 

0.97 

0.94 

Table 1 shows the different parameters used to find out the factor of safety. Riverbank-1 is the 

Dhansiri (S), Rivebank-2 is Dikhow and Riverbank-3 represents the Brahmaputra riverbank. Previous 

study by the same author had found that the soil type in the Dhansiri Riverbanks as ML (silt with low 
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compressibility) type. In Dikhow Riverbanks, SC (clayey sand) and CL (clay with low 

compressibility) type of soil are found and for the Brahmaputra in different locations in upper Assam 

were found to be SM (silty sand), SC (clayey sand) and CL (clay with low compressibility) type. The 

bank material properties were found nearly same for the alluvial deposits. Therefore, the values of the 

bank height, degradation depth, effective cohesion, effective angle of internal friction, unit weights 

are taken as the average values for different sites in the same riverbank showing almost similar 

properties. From the factor of safety calculated as shown in table 1, stability graph is plotted between 

the FOS and the bank angle as shown in figure 2. 

Figure 2 Stability graphs for the alluvial riverbanks for FOS=1.00 

From the figure 2, graphs are plotted between the FOS and the bank angles, from which the critical 

bank angles are evaluated. From the graph it is seen that for Riverbank-1, Riverbank-2 and 

Riverbank-3  the crirtical bank angle is 77º, 71º and 74º respectively. This shows that the banks 

become unstable at steeper angles. At FOS 1.00, the critical angles gives the limiting condition for the 

analysis. But in practical case, the alluvial riverbanks are composite in nature. These are composed of 

alternate layers of cohesive and non cohesive material deposits with low value in the shear properties. 

Hence, the presently used stability analysis method can not report the banks to be safe upto the 

evaluated critical bank angles or not. Therefore, stable bank angles are evaluated by taking a higher 

factor of safety of 1.25 as shown in the table 2. 

Table 2 Stable banks and stable slopes 

Sl. No. Critical Bank 

Angle, icr at 

FOS=1.00 

Stable Bank 

Angle at 

FOS=1.25 

Stable Slope 

Riverbank-1 

Riverbank-2 

Riverbank-3 

77º 

71º 

74º 

 47.7º 

44º 

46º 

1V: 1.09H 

1V:0.96H 

1V:1.03H 

Table 2 shows that for factor of safety 1.25, stable angles range from 44º to 47.7º and stable slopes 

range from 1V:0.96H to 1V:1.09H . The bank angles becomes gentle when analysis is done for higher 

factor of safety. This shows that, alluvial riverbanks are theroitically safe up to a very steep angles. 

But in practical aspect, the banks can be safe at gentle bank angles when higher factor of safety value 

is adopted. 

3. Conclusions
In the present study, the safety analysis of the riverbanks in three different rivers is carried out by

evaluating the critical bank angles by using the bank stability analysis method put forwarded by

Osman and Thorne. The critical angles range between 70º-80º, from which it can be concluded that

the considered banks of the three rivers are unsafe as the bank become steeper. However, the banks

exhibit stable bank angles ranging from 40º-50º when factor of safety 1.25 is considered to

compensate the effects of the unadopted factors in the present Culman type stability analysis method
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for practical analysis of the safety. Therefore, unsafe steeper banks can be made safe by trimming the 

banks to the stable bank slopes and thereby to implement the required safety measures in the bank.  
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Abstract 

The present study investigates the vertical and lateral fluctuating velocity profiles under unsteady flow condition 

in a rectangular open channel through emergent rigid vegetation. Experiments are conducted with emergent 

vegetated open channel flow. One identical hydrograph is passed through the rectangular flume with a fixed 

bottom with rough bed. Hydrograph consists of a starting period Ti at base flow Qb, an ascending limb with 

duration Ts starting at base flow Qb and ending at peak flow Qp, a descending limb with duration Ts ending at the 

same base flow Qb and outlet period Tu at base flow Qb. The same hydrograph is repeated 198 times so as to 

measure point velocities at different positions and for different flow depths. Using micro Preston tube (outer 

diameter 4.77mm) and Acoustic Doppler Velocimeter (micro ADV), the flow patterns are investigated at both 

lateral and longitudinal positions over different cross-sections. For two typical flow depths, the velocities in both 

the rising limb and falling limb are observed. Hysteresis effect between stage-discharge (h ~ Q) rating curve 

between rising and falling limbs is illustrated. Lateral distribution of fluctuating velocity and Reynolds stresses 

are plotted at three different cross sections. Substantial differences between these profiles for the same flow depth 

in rising and falling cases are observed. The variations of these two turbulent characteristics along the three given 

sections have been demonstrated. 

Keywords: Open channel flow; unsteady flow; hydrograph; fluctuating velocity; Reynolds stress; turbulence 

characteristics  

1. Introduction

Flows in the natural rivers and channels are often unsteady. Unsteady flow in open channels allows the 

flow cross-section to freely change, a factor which has an important influence on the rate of transient 

change propagation. Accurate knowledge of the velocity distribution in an open channel in unsteady 

flow is of crucial importance to practicing engineers as it helps in the accurate estimation of erosion, 

sediment transport apart from the estimation of flood flows. When some obstacles separate the 

floodplain from the main channel (dyke, dense tree row), the flow in the floodplain can be seen as 

independent from the main channel flow and thus should be studied in a single channel configuration. 

Tu (1992) demonstrated that the log-law, in association with Coles' wake law, could be used to describe 

vertical velocity profiles if the unsteadiness was accounted for the wake parameter. In addition, a 

parameter was introduced in the formulation of the Clauser parameter that was a function of the relative 

roughness of the bed and a power law form was introduced for the mean velocity profile. Song and Graf 

(2002) studied experimentally unsteady flow properties in an open channel with a rough bed. Acoustic 

Doppler velocity profiler (ADVP) was used to obtain instantaneously the flow profiles. From these 

measurements, using the Fourier components method, the mean velocities, the turbulence intensities 

and the Reynolds-stress profile, were obtained. Thirty-three different hydrographs were experimentally 

investigated. The experimental results showed several things. First, unsteady flow could be 

characterized by the overall unsteadiness parameter, ΓHG, and by the longitudinal pressure-gradient 

parameter, βu. Second, the hydrographs investigated were complete dynamic waves, where the time 

sequence of U, Q, and D were resulting in the looping rating curves. Helmiö (2002) developed an 
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unsteady flow model for a channel with vegetated floodplains, to take into account the retention effects 

of the vegetated areas on flood wave conveyance. A one-dimensional (1D) unsteady flow model was 

combined with Nuding’s method, which takes into account the friction caused by vegetation and the 

additional resistance caused by the interaction between the main channel and vegetated areas. 

Krishnappan & Altinakar (2006) solved the unsteady flow equations with finite difference schemes 

from the previous articles. A detailed description of an unsteady flow model called MOBED was given 

to highlight the various assumptions and simplifications that were involved in the development of an 

unsteady flow model. Haizhou & Graf (2010) investigated experimentally on the friction in unsteady 

open-channel flow over gravel beds. The unsteadiness of the flow was expressed with the dimensionless 

Clauser parameter. It was observed that for a given hydrograph the friction velocity was usually larger 

in rising branch than in the falling branch and it reached the maximum value before arrival of the peak 

of the hydrograph. Total thirteen hydrographs were passed through a gravel-bed flume. The velocity 

measurements at a given point in space were repeated five times and subsequently averaged. Bombar 

et al. (2010) experimented to compute the mean velocities and turbulence intensities with same 

hydrograph with repetition of 15 times and the mean values were found by calculating the average of 

all hydrographs. The ensemble averages of stream-wise and transversal velocities were obtained by 

calculating the average of all generated 15 hydrographs. The point velocity was measured by using a 

flow tracker. The mean velocities and turbulence intensities were found more in rising limb as compared 

to the falling limb. Huai et al. (2012) analyzed hydraulic properties of turbulent flow in an open channel 

flow with suspended vegetation by vertically dividing the flow region into three parts extending from 

the channel bed to the water surface: a basal non-vegetated layer, an internal vegetation layer, and an 

upper vegetation layer. Suspended vegetation retards the flow in open channel; as a result, the vertical 

distribution of streamwise velocities will deviate from the classic logarithmic law. Huang et al. (2011) 

studied numerically and experimentally the solitary wave interaction with emergent, rigid vegetation. 

Laboratory experiments were carried out in a wave flume with vegetation models of different lengths 

and porosities; the Boussinesq equations with the effects of the vegetation being modeled by a quadratic 

drag law are used to simulate the wave scattering by and the wave propagation through vegetation. 

Effects of incident wave height, vegetation density, and vegetation length were discussed. The presence 

of vegetation caused the maximum water level in front of a vegetated area to increase due to backwater 

effects and/or wave reflection. Dense vegetation may be reduced the wave transmission because of the 

increased wave reflection and energy dissipation into turbulence in vegetation. Alfadhli et al. (2013) 

investigated the longitudinal velocity profiles in steady and unsteady non-uniform open channel flows 

by analyzing the data available in the literature. It was found that for steady/unsteady flow the Log law 

is applicable only in the inner region where y / h< 0.2 when compared with the measured longitudinal 

velocity. However, in the main flow, the measured velocity deviates significantly from the Log law’s 

prediction. Bombar (2016) observed shear velocity under unsteady flow conditions by using the 

methods to calculate the shear velocity in steady flows. A laboratory study was carried out with three 

artificial asymmetrical angular-shaped hydrographs with high unsteadiness at which the base flow was 

non-uniform. The hysteresis was investigated and a hysteresis intensity parameter was proposed in order 

to find out the depth variation of hysteresis behavior at point velocity and averaged velocity. The 

velocity profiles were measured and the velocity values were obtained by logarithmic and parabolic 

laws. It revealed that the greater the unsteadiness the higher the maximum point velocity occurs close 

to the surface than close to the bottom. Maji et al. (2016) investigated experimentally to predict the 

turbulent features through an emergent and sparsely vegetated open channel turbulent flow. The 

magnitude of stream-wise velocity increased with increasing stream-wise length inside the vegetation; 

however a fully developed rectangular velocity profile was observed when the flow crossed the first 

half length of the patch from upstream and it was continued up to a certain length after the trailing edge 

of the patch. Inside the vegetation patch, the magnitude of lateral velocity increased with increasing 

stream-wise length up to the first half length of the patch and further downstream, its magnitude 

decreased with increasing length. Khuntia et al. (2018) experimentally investigated the vertical and 

lateral velocity profiles under unsteady flow conditions in a rough open channel for various flow depths. 

One hydrogram was repeatedly passed through the rectangular flume with a fixed rigid grass bed. The 

velocities in both the rising limb and falling limb were observed for two typical flow depths. Lateral 

distribution of depth-averaged velocity and bed shear stress were observed at three different cross 

sections and compared with the steady flow conditions. In falling limb of an unsteady flow case, both 
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depth-averaged velocity and bed shear stress distribution in the central region was higher than that of 

steady flow case. Also, in the rising limb, the bed shear stress of unsteady flow was higher than that of 

steady flow case, but in rising limb the magnitudes were found higher as compared to that of falling 

limb. Further, in an unsteady flow, the magnitude of depth-averaged velocity was found to decrease 

towards the downstream sections. Along the downstream positions, bed shear stress values increased 

for lower flow depths and decreased for higher flow depth cases. Tognin et al. (2019a) studied the 

propagation of a solitary wave in the presence of emerging rigid cylinders mimicking the propagation 

of tsunamis through mangrove forests. Four scenarios were investigated. In the first scenario, the wave 

propagated in the absence of vegetation; the other three scenarios considered different vegetation 

densities n (i.e., n = 156.25, 312.5, and 625 cylinder/m2) with different vegetation patterns. They 

performed ten series of experiments, and each series of experiments counted 30 runs in order to analyze 

the data according to a phase-resolved approach. The limits of ADV acquirements very close to the 

cylinders and to the walls were overcome by means of the non-intrusive nature of the PIV system. The 

results obtained using the different devices allowed them to reconstruct a detailed velocity field and, 

hence, the wake area arising back at the cylinder, quantifying the vorticity causing wave dissipation. 

Specifically, it was observed that the vegetation strongly affects the wave behavior, reducing the wave 

height proportionally with the vegetation density. During base flow conditions, the vertical velocity 

profile clearly showed a logarithmic profile in bare soil condition, whereas it turned into a rather 

uniform velocity distribution in the presence of vegetation. Tognin et al., (2019b) aimed to present a 

peculiar experimental set up, designed to investigate the interaction between solitary waves and rigid 

emergent vegetation. The complexity of the problem required the combined use of different 

measurement systems of water level and velocity field. Some preliminary results of the experimental 

investigation, that allow to point out the effect of the vegetation on the propagation of a solitary wave. 

Coupling water level and velocity measurement revealed to be of fundamental importance in order to 

perform velocity measures when the ADV probe is submerged only during the wave peak. In bare soil 

conditions the profile clearly presents a logarithmic law, whilst, with vegetation, the velocity profile is 

nearly constant, unless near the bottom. 

To the authors’ knowledge, detail study on velocity profiles and Reynolds stresses under steady flow 

conditions through rigid vegetation have been found from the previous literature. However, the 

knowledge on velocity profiles and Reynolds stresses through the rigid vegetation array under unsteady 

flow conditions is not well investigated. So, the present study investigates a direct measurement of 

velocity profiles and Reynolds stresses under unsteady flow conditions.  

The novelty of the present experimental study is to investigate the velocity profiles and Reynolds 

stresses under unsteady flow conditions in a rectangular channel over the rough bed with emergent rigid 

vegetation. Classical hysteresis effect of stage-discharge (h ~ Q) rating curve between rising and falling 

limbs with weak effect of rigid vegetation is observed.  

2. Theoretical Consideration

2.1 Governing equation

The governing equation for unsteady and two-dimensional open-channel flow can be obtained from the 

Navier-Stokes equation [e.g., see (Leupi et al., 2009, Nezu and Nakagawa, 1993a (IAHR monograph)] 
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where 𝑈𝑥 and 𝑈𝑧= mean velocity components, 𝑢𝑥 and  𝑢𝑧 = turbulence fluctuations in the stream-wise

(x) and vertical (z) directions, respectively; P = mean pressure, 𝑔 = acceleration due to gravity, 𝜈 =

kinematic viscosity, 𝜌 = density of water, and 𝜏 = total shear stress. The mean pressure P is

approximately given by the hydrostatic distribution from (2) as follows:
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𝑃 = 𝜌𝑔(ℎ − 𝑧)𝑐𝑜𝑠𝜃 (4) 

2.2 Unsteadiness Parameters 

It is necessary to define reasonably an overall unsteadiness parameter that characterizes the unsteady 

effects on velocity and turbulence in unsteady open channel flows. To study the characteristics of the 

hydrograph, three unsteadiness parameters are considered for the present study.  

i. Skewness parameter, 𝜂

This skewness parameter, 𝜂 proposed by Wang et al. (1997) is to distinguish the shape of the 

hydrographs. This parameter is defined as: 

𝜂 =  
𝑇𝑟

𝑇𝑓
(5) 

where Tr and Tf are the time duration for rising and falling limbs respectively. This shape parameter 

represents hydrograph asymmetry. Based on this definition, one asymmetric hydrograph with the peak 

skewed towards the rising limb (i.e., η = 0.46, defined as ‘skew-rising’ or ‘left-skewed’ hydrograph) 

was observed. 

ii. Unsteadiness Parameter, 𝜆

The parameter ‘λ’ proposed by Takahashi (1969) and Nezu & Nakagawa (1995) is as follows: 

𝜆 =
ℎ𝑝−ℎ𝑏

𝑇𝑟𝑆0√𝑔ℎ𝑝
(6) 

The parameter λ implies the ratio of rising speed ((ℎ𝑝 − ℎ𝑏)/𝑇𝑟) of water surface to the vertical

component of celerity C (= √𝑔ℎ𝑝) of long waves. In this present study, the 𝜆 value was calculated and

found to be 0.041. This was characterized as a very long duration flood with long duration of rising 

period (Lai et al., 2000). 

iii. Unsteadiness Parameter,𝛼

The parameter ‘α’ proposed by Nezu and Nakagawa (1993a,b and 1995) that correlated with the 

pressure gradient dP/dx.  

𝛼 =
ℎ𝑝−ℎ𝑏

𝑇𝑟𝑈𝑐
≅

1

𝜌𝑔

𝑑𝑃

𝑑𝑥
(7) 

To characterize the hydrograph, Takahashi (1969) and Nezu & Nakagawa (1993a) proposed the 

convection velocity of turbulent eddies (Uc) instead of the base flow shear velocity (𝑢∗𝑏). Although, in

previous literature, several ways were attempted to compute the shear velocity, 𝑢∗𝑏  (Song & Graf,

1996), but the convection velocity was still easier to compute (Uc = (Ub+Up)/2, as suggested in Nezu et 

al., (1994), where Ub and Up are the velocities at base flow and at peak flow respectively).  

The unsteady flow parameter (𝛼) value was also experienced as a long duration flood in the flow with 

the larger rising time period (say, 2040s). In the present study, the unsteady parameter, 𝛼  was calculated 

and found to be 4.87×10-4. 

3. Experimental Setup and Measuring Instruments

The experiments were carried out in a 12m long, 0.6m wide and 0.6m deep, rectangular, tilting flume 

in the Hydraulics Engineering Laboratory (H. E. Lab.) at National Institute of Technology Rourkela, 

India. The flume was designed as glass walls in the testing sections and the rest of the walls and bottom 

were of mild steel. The bottom of the flume was then modified as a rough bed by fixing dense rigid 

grass with emergent rigid vegetation along the channel bed. A schematic diagram of the experimental 

setup is shown in Figure 1. Photographs of the experimental set-up and staggered rigid vegetation 

pattern, H. E. Lab., NITR is shown in Figure 2. A longitudinal slope (S0) of approximately 1.2cm in 

10m was set and kept unchanged throughout the experimental program. A downstream tail-gate was 

attached with a movable screw jack system to maintain uniformity of flow for these experiment runs. 

At first, the tailgate was fixed at a particular height to achieve a steady uniform for the given flow 
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depths. The same tail-gate opening was maintained to achieve the respective flow depths in unsteady 

flow cases. The measurements of the flow variables were not considered other than the desired flow 

depths. To get the desired flow depths for the hydrograph, different tail-gate settings with several 

experimental runs were performed (Khuntia et al., 2018). Traveling rail was provided to support and 

guide an instrument carriage to run laterally and longitudinally on the top of the flume walls for covering 

all the measuring points. The rigid rods (mimic of rigid vegetation) was arranged in staggered pattern 

with grid size 8.5 cm × 8.5 cm. Each rigid rod was 1 cm in diameter and 15 cm in height. Table 1 shows 

the geometry and roughness parameter used for the present study. 

Table 1. Geometry and roughness parameters for the experimental study 

Sl. No. Item Description Parameters 

1 Channel type Straight 

2 Geometry of channel section Rectangular 

3 Channel base width (b) 0.6m 

4 Depth of channel 0.6m 

5 Bed slope (S0) 0.0012 

6 Length of flume 12m 

7 Length of test channel (X) 10m 

8 Flow condition Un-steady 

9 Nature of surface bed Dense rigid grass with rigid vegetation 

10 Pattern of rigid vegetation Staggered 

11 Diameter of each rigid rod 0.01 m 

12 Height of each rigid rod 0.15 m 

13 Grid of rigid rods 8.5 cm × 8.5 cm 

The detail experimental procedures were already described in Khuntia et al. (2019). ADV has recorded 

the three directional velocities ux, uy, and uz in X-direction: along the flume, Y-direction: along the width 

of flume and Z-direction: vertical to flume bottom respectively. The velocities were measured at five 

different positions to cover one vegetation pattern at x = 7m respectively (see Figure 1 and 2) for 

analyzing the turbulence characteristics. 

Figure 1. A schematic diagram of the experimental setup, NITR 
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Figure 2. Photographs of the experimental set-up and staggered rigid vegetation pattern, H. E. Lab., 

NITR 

4. Data Treatment and Processing

In the present study, ADV was used to measure the velocity for the computation of turbulent 

characteristics. But, ADV signals were always affected by Doppler noise associated with the measuring 

technique. In unsteady flow, the time has been played the main factor for analysis. So, in the unsteady 

flows, the post-processing technique (i.e., in de-spiking process of ADV data, velocity data with the 

time series must be omitted) was not applicable (Nikora, 2004, Person. Comm., Chanson, 2008, 2010; 

Koch & Chanson, 2009; Leng & Chanson, 2017) and raw data was used directly for analysis. The 

accuracies of the individual time series velocity data of all three components were verified by observing 

the slope of the curve in the inertial sub-range of the spectral density plot against frequency in log-scale. 

Figure 3 presents the spectral density function Suu (f) (m2/s) plots for all three components of velocity 

(i.e., ux, uy, and uz) against frequency (f) (Hz) at the level of 𝑧 ℎ⁄ = 0.3 from the bottom surface of the bed. 

It was observed that the velocity power spectra provided a satisfactory agreement with the Kolmogorov 

-5∕3 scaling-law in the inertial subrange with raw data. It was apparent that the discrete peaks in spectral

density plot did not exist for frequency larger than 2 Hz. This means that the signals for frequency

smaller than or equal to 2 Hz contained large scale motions whereas those for frequency larger than 2

Hz corresponded to pure turbulence. The velocity data were analyzed systematically for all the cases.

Then those raw data were processed and averaged by moving average method (Lai et al., 2000).

Figure 3. Velocity power spectra showing the fit of Kolmogorov -5/3 scaling law for stream-wise 

(V1=ux), transverse (V2=uy) and vertical (V3=uz) velocity components at z/h = 0.3 
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5. Results and Discussions

A total of 100 hydrographs (i.e., 20 hydrographs repeated at each section) were injected and investigated 

during the experimental repetition process. The flow and depth hydrographs in an unsteady flow run 

have been shown in Figure 4. The hysteresis plot of stage-discharge (h ~ Q) rating curve between rising 

and falling limbs is illustrated in Figure 5. 

Figure 4. Flow and depth hydrograph in an unsteady flow run 

Figure. 5. Hysteresis plot of stage-discharge curve 

Table 2 shows the range of hydraulic parameters used in this experimental runs and Table 3 shows the 

values of unsteadiness parameters (i.e., Eqs. 5 to 7) considered in the present investigation.  

Table 2. The range of hydraulic parameters used in the experimental runs 

Particulars Value 

Slope 0.0012 

No of test runs 100 

Base flow (m3/s) 0.0025 

Water depth in base flow 0.0277m 

Water depth at peak 0.131m 

Time duration for rising limb (Tr) 2040 s 

Time duration for falling limb(Tf) 4440 s 

Total duration of Hydrogram (T) 6480 s 

Range of Reynolds’s number 41-467

Range of Froude number 0.29-0.32 
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Table 3. Unsteady Parameters for the present study 

Parameters Value 

𝜂 (skewness parameter), Eq. 5 0.46 

𝜆 (Unsteady parameter), Eq. 6 0.041 

α (Unsteady parameter), Eq. 7 4.87×10-4

5.1 Velocity profiles 

Longitudinal Velocity profile for Flow depth at 0.07m 

Figure 6. Velocity profiles for lower flow depth case (left to right: location 1 to location 5) 

Longitudinal Velocity profile for Flow depth at 0.11m  

Figure 7. Velocity profiles for higher flow depth case (left to right: location 1 to location 5) 

Through an array of emergent rigid cylinders, constant velocity distribution was observed except bed 

region (boundary layer region) and free surface region except location 3 (see figure 6 and 7). The 

location 3 which located at 42.5 mm upstream of the cylinder axis (see figure 2); a local increase in the 

longitudinal velocity within the boundary layer (resulting in a velocity bulge in the vertical profile) was 

observed. The velocity bulge has been related to the effect of bed-induced turbulence. From both figures 

(figure 6 and 7), it was also noticed that there is a higher velocity during the rising limb than during the 

falling limb. This was caused as the flow conveyance was higher during the rising limb than the falling 

limb. 

5.2 Reynolds shear stresses distribution 

Through an array of emergent rigid cylinders, it was observed that vertical Reynolds stresses 

distribution gradually decreased towards the water surface (see figure 8 and 9).  
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For flow depth 7cm 

Figure 8. Distribution of vertical Reynolds stress for lower flow depth case (left to right: location 1 to 

location 5) 

For flow depth 11cm 

Figure 9. Distribution of vertical Reynolds stress for higher flow depth case (left to right: location 1 

to location 5) 

The positive magnitude of Reynolds stresses were observed except in position 5.The position 5 was 

influenced by upstream stem and causes negative magnitude of Reynolds stresses. From both figures 

(figure 8 and 9), it was also noticed that there is a higher in Reynolds stress during the rising limb than 

the falling limb. This was caused the Reynolds number was higher during the accelerated limb than the 

decelerated limb. 

6. Conclusions

The following concluding remarks have been drawn from the present study: 

1. Experiments have been conducted to investigate the velocity and Reynolds stresses under

unsteady flow conditions in open channel over a rough bed with emergent rigid vegetation.

2. In the present study, three unsteadiness parameters (i.e., 𝜂, 𝜆, α) have been considered to

characterize the hydrograph.

3. Velocities during the rising limb have been found to be higher as compared to the falling

limb cases for the same flow depth. The velocity bulge has been observed at downstream

of the stem in both the higher and lower flow depth cases.

4. The Reynolds shear stress, - '' zx uu  values have been observed to be higher in case of

rising limb than that of falling limb cases. The values of - '' zx uu have been found to be 

decreased and negative magnitude at location 5 which has been influenced by wave induced 

by the upstream stem.  
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Abstract 

The present study reports the analysis of measurements of three-dimensional flow characteristics around 

submerged vertical circular cylinders of different diameters using Acoustic Doppler Velocimeter (ADV). The 

flow field was also numerically simulated and validated with the measurements. Numerical simulations were 

performed using COMSOL Multiphysics 5.0 with k- turbulence closure model. Reynolds Averaged Navier-
Stokes equation (RANS) with constant turbulence viscosity were considered to solve the numerical model. The 

normalized turbulent intensity, kinetic energy and vorticity around submerged vertical cylinders over the plane 

bed were computed from the measured velocity data. The flow fields are represented by the velocity vector plots 

as well as the vertical distributions around cylinders. The numerically simulated velocity distributions match well 

with the measurements.  The vector diagram shows strong vortex formation close to the cylinder and near the bed, 

which increases for larger diameter cylinder. Flow concentration towards the top of the submerged cylinder is 

evident indicating accelerated flow. All the components of the turbulent intensity are higher for higher diameter. 

The non-dimensional turbulent kinetic energy increases with the decrease of cylinder diameter. The kinetic energy 

becomes very strong close to the cylinders and near the bed. The vorticity contours also show the formation of 

horseshoe vortex at the upstream and reverse flow at the downstream of the submerged cylinder. The strength of 

vorticity increases at the downstream with the increase of cylinder diameter. 

Keywords: submerged circular cylinders; flow field; numerical simulation; vorticity; sediment. 

1. Introduction

The exploration on the turbulent flow around fully submerged cylindrical structures is essential to know 

the mechanism of local scour around these structures. While the flow depth is higher than the height, 

the structures become fully submerged. The local scour due to turbulent flow around the fully 

submerged structures such as fully submerged well foundations, bridge piers, vertical vanes, different 
types of clusters etc. can be a serious problem for their structural stability. Various researchers have 

studied the scour and flow around various submerged structures (Shamloo et al. 2001; Bauri and Sarkar 

2019, 2020; Sadeque et al. 2008; Zhao et al. 2010 and Rostamy et al. 2012). On the other hand, Smith 
& Foster (2007), Zhao et al. (2010), Han et al. (2011) and Sarkar & Ratha (2014) conducted numerical 

investigation of flow around various submerged structures. Yet, there is deficiency of data on the 

turbulent intensity, kinetic energy, vorticity around fully submerged vertical circular cylinders, which 

is important to correlate the flow field and sediment transport around the cylinder. The objectives of the 
study is to analyze the velocity field around cylinders and employ the velocity data to compute the time 

averaged turbulent intensity, kinetic energy and vorticity around the submerged cylinder for various 

flow conditions. The velocity vector plots as well as the vertical distributions around cylinders 
represents the flow fields. The flow field around the submerged vertical cylinder was also simulated 

numerically using COMSOL Multiphysics 5.0. 

2. Experimental program

A tilting re-circulating open channel was used to perform the experiments. The cross-section of the 

tilting flume were 0.8 m wide and 0.8 m deep and the length of the flume was 10 m. The walls of the 

test section was 4 m in length, which were made of glass to make the observations and measurements 

easier. The velocity measurements were done in the different directions around the submerged cylinder 
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as presented in Figure 1. The submerged cylinders were fabricated with Perspex cylinders of different 

diameters d (3, 5 and 7.5 cm). The various diameters of the circular cylinder were so choosen such that 
the cylinder diameter do not exceed 10 % of the flume width to reduce the wall effects on the flow 

characteristics (Chiew and Melville 1987). The required water depth in the flume was maintained using 

a tail water gate at the end of the flume. The cylinders were fixed over the flume bed. A point gauge, of 

accuracy 0.1 mm, was utilized to measure the top level of water. A digital flow meter was utilized to 
measure the discharge. Experiments were conducted for various flow conditions and diameters of 
cylinders. The flow depth (h), height of cylinder (H) and average velocity of flow protruding into the 

flow were 33.5 cm, 25 cm and 11.6 cm/s respectively. The submergence ratio for the submerged 

cylinders is 1.34, where submergence ratio S is calculated as h/H.  
The 3D point velocity were measured using a Micro ADV (16 MHz down looking). The ADV was 

placed on a traverse mechanism, which helps to measure at any level along the flume. The 

measurements were undertaken at different level from the bed using a rack and pinion arrangement, 

which lowers the equipment to the preferred level. The time- independent velocity were measured for 
various locations. The sampling durations were varied for the locations based on the turbulence 

intensity. The sampling duration for various locations were in the rages of 4-6 minutes. However, the 

measurement durations were considered higher close to the bed or the cylinder boundary due to higher 
turbulence intensity across these locations.  

Figure 1 Details of different sections for measurement 

2.1 Numerical modeling 

Numerical simulation of the flow field around cylinders were performed over a plane bed using 

COMSOL Multiphysics 5.0 with k- turbulence closure model. The calculated results from different 
turbulence models show that Reynolds Averaged Navier-Stokes equation (RANS) best predicts the 

mean flow field with constant turbulence viscosity. The turbulent steady-state simulation was selected 

with a single phase in the present numerical model. 
The computational domain and flow conditions correspond to the experimental study were carried out 

in the channel reach using impermeable circular cylinders with smooth surfaces. The sidewalls were 

vertical. The circular cylinders were submerged and perpendicular to the average flow direction. The 

flow depth in the main channel was constant. For the numerical study, the materials chosen to perform 
the simulation were water within flume domain and silica glass for the cylinder. The mean flow velocity 

in the undisturbed zone of the main channel was 0.1165 m/s and the pressure was assigned to 0 Pa at 

the outlet. The top of the flume is allocated a symmetry boundary condition, which indicates no shear 
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stress and normal velocity. Uniform velocity was provided at the inlet of the channel. The velocity 

components on all solid boundaries were set to zero, which represents no-slip boundary conditions.  The 
standard wall functions of flow at the bed were executed for the rough turbulent regime, the roughness 

height was 0.0001 m, and the vertical walls were assumed smooth. Physics controlled mesh was chosen 

for meshing the whole domain and various mesh size options being selected. 

In the present model, the whole domain were discretized into the mesh elements among prism or 
pyramid, tetrahedral and hexahedral. The geometry boundaries elements were separated into triangular 

or quadrilateral. The geometry edges were separated into edge elements. For 5 cm diameter cylinder, 

the final number of mesh elements was summed to 1274941 elements, whereas 1236948 for 7.5 cm 
diameter cylinder after the refinement of mesh. For the convergence of the solution, the grid spacing 

was considered adequate and matches well with experimental results. Convergence was reached when 

the residual error was of the order of 1 x 10-3 for each variable. Variation of the 3D velocity were 
checked to establish grid-independent solutions. Negligible velocity variation was observed in the 

transverse direction in comparison to the longitudinal and vertical direction. 

2.2 Velocity profile 

The normalized vertical velocity profile of ŵ ( ŵ = w/U) in the various directions around the 

submerged cylinders are shown in Figure 2. The flow around the cylinder and near the bed forms a 
downward motion resulting in the formation of vortex towards the base of the structure. In addition, 

positive velocity is found in the upstream of both cylinder, which indicates the downward flow happens 

in the upstream of the cylinder, whereas reverse flow forms close to the base of the cylinder in the small 

region because of horseshoe vortex. However, along with line A, the profile are positive at a distance ẑ  
= 0.4 from the bed. It is also evident that this distance from the bed decreases for the lines further in the 

downstream. The diving nature of the flow is also evident along with the line G in the downstream 

direction, which is also visible from the comparison of the numerically computed distributions as plotted 

in Figure 3. Close to the submerged cylinder along with the vertical line G, the vertical velocity 
component assumes the minimum value approximately at the height of the cylinder as shown in Figure 

3. This height at which ŵ becomes minimum, decreases further downstream indicating the diving

nature of the flow.
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Figure 2 Vertical profile of ŵ for various direction of the cylinder. 
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Figure 3 Comparison of the simulated and observed vertical distribution of ŵ  for various direction 

of the cylinder. 

2.3 Velocity vectors and contours 

The non-dimensional velocity vectors in the various directions along vertical planes around the 

submerged cylinder of diameter 5 cm, as shown in Figure 4. The magnitude and direction along all the 

lines are 
22 ˆˆ wu   and arctan ( uw ˆ/ˆ ) respectively. The formation of the horseshoe vortex and its

effects are visible close to the bed at the sections along with A, B, C and D. The circulatory nature of 

the flow is strong nearby bed and the cylinder, and it gradually decreases away from the cylinder.  The 

vortex formation is very strong for the larger cylinder diameter. The velocity of flow increases towards 
the free surface away from the bed. The vector diagram shows the flow concentration to the top of the 

submerged cylinder. The velocity magnitude decreases in most of the radial directions except F and G. 
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The difference in the magnitude of velocity between the inner and outer layers is high for the lines B 

and C. 

Figure 4 Normalized velocity vectors for various direction of the cylinder. 

Figure 5 represents the normalized time-averaged velocity vectors around the submerged cylinders on 

different horizontal planes at HZ 5.0  and HZ 9.0 . The magnitude and direction are computed from

22 ˆˆ vu  and arctan ( uv ˆ/ˆ ) respectively. The normalized time-averaged velocity vectors on plane 

bed are plotted in a non-dimensional x̂ ŷ plane at different streamwise distances and azimuthal angles

() around the cylinder; where x̂  is x/b, ŷ is y/l and l is the half of the flume width. Velocity is

maximum at line A and the minimum velocity occurs at the downstream line G of the circular cylinder.
Near to the free surface, the deflection of the velocity vectors along line F and G are minimum indicating

the interaction of the accelerated flow at the free surface. Similar trends are observed for larger diameter

cylinders. The contours of the resultant velocity (not shown here) also show flow characteristics around

the submerged cylinder.
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Figure 5 Non dimensional velocity vectors at Z = 0.5H and Z = 0.9H. 

Concentration of the velocity contours close to the bed at the upstream of the structure indicates the 

formation of the horseshoe vortex. Whereas, the higher velocity contours close to the free surface at 

the downstream of the structure indicates the accelerated flow from the top of the submerged cylinder. 

2.4 Turbulent intensity and kinetic energy 

Figure 6 shows the non-dimensional turbulent intensity distributions (u+) (u+ = (
2

u )0.5/U) in the 

various directions around the submerged cylinders, where u is the fluctuation of u. u+ increases due to 

increase of cylinder diameter mainly up to the depth hhz 4.02.0ˆ   above the bed. Also, non-

dimensional turbulent intensity decreases with increase distance from the cylinder in the various 

directions for larger cylinder diameters. v+((
2

v )0.5/U) increases with the increase of cylinder diameter

for the downstream radial directions and sections. v+ and w+((
2

w )0.5/U) have similar trend close to the 

free surface, whereas the magnitude of w+ increases away from the bed. v+ increases 10-50 % with the 

increase of cylinder diameter from 5 cm to 7.5 cm, whereas w+ increases by 20-60 % with the increase 
of cylinder diameter. The results show that the value of  u+, v+ and w+  are negligible except close to the 

cylinder and bed for both diameter cylinder. Also, the turbulent intensity is more and strong in the 

downstream compared to upstream in all three directions. The turbulent intensity in the longitudinal 
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directions is smaller compared to transverse and vertical direction due to shed vortices being related to 

smaller longitudinal fluctuations compared to transverse and vertical fluctuations. 

Figure 7 exhibits the vertical distributions of non-dimensional turbulent kinetic energy ( k̂ ) ( k̂ = k/U2

= 0.5(u+2 + v+2 + w+2)) in the various directions around the cylinders, where k is the turbulent kinetic 

energy. The non-dimensional turbulent kinetic energy increases with the decrease of cylinder diameter. 
Further, the turbulent kinetic energy is maximum because of shedding of strong rollers at the 

downstream lines D and E and minimum at the line of G for both cylinder diameters. The non-

dimensional kinetic energy are significant nearby the cylinders and the bed.  

Figure 6 Vertical profile of u+  for various direction of the cylinder. 
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Figure 7 Vertical distribution of k̂  for various direction of the cylinder.

2.5 Variation of vorticity 

Figures 8 (a-b) represents the vorticity ( rtV ) (
x

w

z

u
Vrt









 ) contours with the variation of cylinder

diameters. It is evident that the concentration of the vorticity is higher in the upstream of  7.5 cm 
diameter cylinder compared to 5 cm diameter cylinder. The concentration of the vorticity is due to the 

horseshoe vortex formation at the upstream of the cylinder. Sign conventions of negative for clockwise 

and positive for anticlockwise vorticity are used for the analysis. 
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Figure 8 Contour of vorticity along the vertical plane (a) 5 cm diameter (b) 7.5 cm diameter cylinder 

Positive vorticity is formed due to horseshoe vortex at the front side of the cylinders, while negative 
vorticity due to reverse flow in the back side of the cylinders. The size of the horseshoe vortex is smaller 

for 5 cm diameter cylinder than 7.5 cm diameter cylinder. The vorticity strength is significant in the 

downstream of the cylinders and strength of the vorticity is higher for higher diameter. 

3. Conclusions

The 3D flow field around cylinders of different diameters were experimentally measured by ADV. The 
3D velocity was done in various direction from the cylinders. The turbulent intensity, kinetic energy 

and vorticity on the plane bed are computed from the measured data. The results are also validated using 

the numerical model.  
For the fully submerged cylinder of the present study with submergence ratio 1.34, fluid accelerates 

past the top of the cylinder and interacts with the downstream flow. The flow separation occurs at the 

top of the cylinder below the free surface. The vector diagram shows strong vortex formation close to 
the cylinder near the bed, which increases for larger diameter cylinder. Flow concentration towards the 

top of the submerged cylinder is high indicating accelerated flow. All the components of the turbulent 

intensity increase with the increase of cylinder diameter. The vorticity contours also show the formation 

of horseshoe vortex at the upstream and reverse flow at the downstream of the submerged cylinder. The 
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strength of vorticity increases at the downstream and the diameter of the cylinder. The non-dimensional 

turbulent kinetic energy is higher for lesser diameter.  
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Abstract 

In this present paper an effort has been made to calculate the kinetic energy and momentum coefficients 

in a meandering vegetated flood plain channel. Effective analysis of the hydraulic parameters in natural 

channels with rough vegetated flood plains are necessary for accurate prediction of stage discharge 

curves, velocity profiles, critical depths, energy losses and also for effective flood management. Any 

error in the kinetic energy and momentum coefficients may lead to noticeable error in the prediction of 

the above-mentioned parameters. This variation is more in meandering compound channel compared 

with the simple straight channel. Present experiments were carried out in a meandering compound 

channel with and without rigid vegetated flood plains at the 30 degrees bend. The variation of kinetic 

and momentum correction factors in a meandering compound channel with and without rigid vegetated 

flood plains are compared at apex and crossover positions. 

Keywords: meandering Compound channel flow; kinetic energy coefficient; momentum correction; rigid 

vegetated floodplain; velocity distribution, regression analysis. 

1. Introduction

Meandering river systems are natural topographic features that we see in any river system, and 

vegetation plays an important role in the mechanism of dynamic river systems. Vegetation has an 

important role in drag- resistance, flood management, sediment transport, and river morphology. The 

past research on this vegetation helped us to understand riverbed evolution mechanisms, enrich river 

dynamics theory, and improve river management systems. At present we can see its significant 

application in many engineering problems, such as flood management, channel training works, ship 

navigation, and ecological restoration. 

 A comprehensive analysis and estimation of hydraulic parameters like flow resistance and conveyance 

capacity of any open channel phenomenon are necessary for a hydraulic engineer to accurately estimate 

the velocity profiles, critical depths, stage-discharge curves of the open channel flow channels. In the 

estimation of any flow parameters in steady or unsteady flow uniform or non-uniform flow, or in energy 

losses the accurate estimation of velocity is a key element to estimate the final conveyance capacity of 

the river channel. In discharge prediction mostly we take the averaged mean velocity for discharge 

estimation of a channel. This method is mostly giving an approximate idea of the conveyance capacity 

of a channel since it considers the unsteadiness in the flow is relatively small and negligible in the case 

of some simple geometry channel, but this method of prediction of velocity leads to a significant error 

of 5 to 10% in case of the asymmetric or symmetric compound channel with variable roughness 

parameters. To minimize these errors, the kinetic energy coefficient α (Coriolis coefficient or the Saint 

Venant coefficient) and momentum coefficient β (Bossiness coefficient) need to be introduced as a 

function of velocity. This variation is more significant in the presence of vegetation. As many works of 

literature mentioned that momentum transfer that takes place at the interface of the main channel and 

floodplains depends mainly on the relative depth of flow and velocity distribution of flow. 

The momentum (Boussinesq) coefficient, β, and the kinetic energy (Coriolis) coefficient α must be 

calculated accurately by using the cross-sectional averaged equation of momentum and energy in one-

dimensional computation or depth-averaged equation of momentum and energy in two-dimensional 

flow computation. A theoretical expression for α and β can be obtained only for 1-D flow such as steady 

uniform flow in circular pipes flowing full or in wide-open channels. 
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Strauss (1967) proposed that the energy and momentum correction coefficients are a function of the 

velocity profile at its respective depth and established a relation between its cross-sectional shape with 

length, bottom width, and slope. 

Chow (1958) proposed different equations for the determination of α and β for variable flow depths. 

Rehbock (1922) assumed linear and logarithmic velocity profile and proposed the theoretical expression 

for α and β for both linear and logarithmic velocity distribution. Umaru Garba Wali (2013) performed 

experiments in a small trapezoidal irrigation channel for 3 varying discharge conditions and proposed 

the variation of α range from 1.10 to 1.20 and β from 1.03 to 1.07. Kubrak (2015) conducted experiments 

in a simple regular channel with various densities of rigid vegetation and calculated the variation of α 

and β parameters. Alireza Keshavarzi (2015) the values of kinetic energy and momentum correction 

coefficients are calculated for the trapezoidal and rectangular compound cross-section with different 

relative flow depth. Hamidifar (2015) conducted experiments in a straight compound channel with rigid 

vegetated floodplains. He analyzed the variation of kinetic and momentum energy factors for seven 

relative depths and four different vegetative indices. Using regression models formulated a relationship 

for kinetic and momentum energy factors as a function of relative depth and vegetative index. Bharat 

K (2017) made an experimental investigation of velocity distribution along the meandering path of a 

110° simple meandering channel is carried and the variation in the velocity profile, the changes in the 

momentum and energy correction coefficients are also studied at thirteen different sections between 

two consecutive bend apex. Sarjati Sahoo (2018) carried his research on modeling of kinetic energy and 

momentum coefficients for rough asymmetric channels and also performed Error analysis to determine 

the accuracy of the present models in terms of Mean Percentage Error (MPE), Mean Absolute 

Percentage Error (MAPE) and Root Mean Square Error (RMSE). 

1.1 Theoretical Background  
Physical aspect of any fluid flow is governed by 3 fundamental principles 

1. Conservation of mass

2. Conservation of energy

3. Conservation of momentum

These fundamental principles of fluids flow are expressed in terms of basic fundamental equations.

These basic equations are generally expressed in terms of partial differential equation

Continuity equation 

Q= 𝐴1𝑈1+𝐴2𝑈2+𝐴3𝑈3………+𝐴𝑛𝑈𝑛   1 

Energy equation 
𝑃1

𝜌𝑔
  + 

𝑈1
2

2𝑔
+𝑍1 = 

𝑃2

𝜌𝑔
  + 

𝑈2
2

2𝑔
+𝑍2 +∑ ℎ, … … . .  2 

Momentum equations 

𝐹𝑇 = β𝜌𝑄[𝑈2𝑥-𝑈1𝑥]  3 

Where Q is discharge, A1, A2, and U1, U2 are cross-sectional area and mean velocity at section 1 and 

2 respectively. In all the above three equations, mean velocity is used by assuming steady, uniform flow 

and non-varying vertically across the flow cross-section. However, for open channels, the velocity 

distribution is not uniform. To nullify this error, two correction factors are introduced which are called 

as energy and momentum correction factor or co-efficient.  

The energy coefficient α and momentum coefficient β is calculated using Eq. 4 and Eq. 5 (Chaudhry 

2007): 

𝛼 = ∫
𝑈𝑖  𝑑𝐴

3

𝑈𝑚
3 𝑑𝐴

𝐴

0
 4  
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𝛼=  
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𝐴1+𝐴2+⋯𝐴𝑛

Table 1  Average values of α and β correction coefficients by various researchers 

AUTHOUR CROSS-SECTIONAL 

SHAPE 

VEGETATION FINAL CONCLUSIONS 

Al-Khatib [2] asymmetric rectangular 

compound channel 

No vegetation Average values of α and β were 

recommended as 1.1525 and 1.1261 

Kubrak [6] Simple rectangular channel Partly vegetated Noticed maximum Values of α and β 

as 2.8 and 1.5 respectively 

Mohanty [9] wide compound channels No vegetation Average values of α and β were 

recommended as 2.09 and 1.39 

Hamidifar [7] Asymmetric compound 

channel 

Non-vegetated Average values of α and β were found 

to be 1.28 and 1.10 

Umaru Garba 

Wali [14] 

Small Irrigation Channel 

of trapezoidal shape 

No vegetation Recommended α range from 1.10 to 

1.20 and β from 1.03 to 1.07. 
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2. Experimental setup

Experiment were conducted on a channel was built in flume of size 10 m length, and width of 1.7 m 

with a constant bed slope as per the designed scaled model drawing. Experimental investigations were 

carried out in the 30-arc angle meandering compound channel built up with a Perspex sheet of thickness 

7-10 mm having roughness n = 0.01, placed over the base of masonry work. The Centerline of the

meandering channel was produced dependent on sine-wave, and reasonable changes were made to its

geometry according to scale.

 2.1. Water Recirculation System 

To deliver the water to the experimental flume, a large RCC Overhead tank was constructed at upstream 

of the channel and it is useful to perform the experiments under constant head conditions. Overflown 

water sent back to the sump tank through the pipe connections and all the supplied water to the channel 

is collected by the volumetric tank and followed to the sump tank and major contribution to the 

uninterrupted water supply. The main purpose of the volumetric channel is to calibrate the discharge 

measurements for the various depth of flow. Three centrifugal pumps of 10HP capacity are fitted with 

suction and delivery pipes, completing the recirculation system of water supply to the channels. A 

stilling chamber with baffles arrangement is provided at the entrance of the channel is provided to 

straighten and minimize the turbulence in the flow. An adjustable tailgate arrangement is fixed at the 

downstream side of the channel to achieve a constant level in the channel. The water recirculation 

system is presented in the following Fig  

2.2 Experimental Procedure 

As expressed before, a test meandering channel was developed and given a water recirculation as a flow 

plan. The flume is likewise given a moving bridge arrangement to get measurements at different 

segments along the length of the channel. The moving bridge has 1.7 m width and accommodates a 

lateral traverse system for different velocity measuring instruments like Pitot Tube, ADV, and CTA. 

The measuring equipment incorporated a point check having a precision of 0.1 mm for estimating the 

flow depth in the channels. A Vernier scale was connected with the point measure having least check 

0.1 millimeters and holder to fit the ADV. The entire estimating measuring equipment was fitted on a 

mobile bridge and it was worked manually. For the estimation of flow depth, the flow should be laminar 

and uniform. The main channel has a rectangular cross-section of having a width of 0.28 m, and 0.12 

m bank-full depth, with a sinuosity 1.06 and were planked with a straight floodplain on both the sides. 

Other important channel parameters listed in table 2. Schematic view of an experiment presented in Fig 

3.2. Experiments were conducted in the same channel with flow conditions of in-bank flow and 

overbank flow for two different channel bed conditions i.e. smooth bed and rough bed showed in fig 

3.1 and 3.3 respectively. Later, the channel was modified by the addition of vegetation on the flood plan 

for doing experimentation for the overbank flow condition as shown in Fig 3.3. It was observed that 

turbulence higher near the inlet and minimal in the middle of the channel, so the test section is fixed at 

a distance of 3.85 m > X < 6.05 m from the inlet point of the experimental flume along the length of 

the channel. 

• River gravel placed in the main channel of a D50 sized 12 mm.

• To simulate the flood plain vegetation, wooden sticks (circular) of 8 mm diameter and raised

to the average height of 14 cm were inserted into the grass bed and placed on the flood plain.

• They were placed in a staggered pattern with a spacing of 10 cm on both longitudinal and

transverse directions as presented in Fig 3.4.

• In emerged vegetated flow conditions was performed in the bank full situation.
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Figure 1  Schematic view of an experimental setup and water recirculation 

Figure 2 Velocity grid measurement locations for overbank flow condition at Bend apex 
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Figure 3 experimental setup of   meandering compound channel with a rigid vegetation 

3. RESULTS

Table 2 variation of α coefficients

Table 3 variation β coefficients
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Graphs  1 variation of α values along the width of the channel 

Graphs  2 variation of β value along the width of the channel 
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4.CONCLUSIONS

After the detailed analysis of the experimental data in the meandering channel with and without 

vegetated floodplains at apex and cross over following conclusions were proposed. 

1. The maximum value of the α&β over the meandering channel with smooth floodplains were

found to be towards the outer edge of the apex and towards the left floodplain.

2. The maximum value of the α&β over the meandering channel with vegetated floodplains were

found to be towards the inner edge of the apex and towards the right floodplain where vegetation

density is more.

3. The main channel with vegetated flood plains registered less values of α&β compared with the

smooth floodplains because of the drag force exerted by the vegetation which in turn reduced

the velocity. This drag is more on flood plains which increased the main channel flow velocity

so the α&β are more in main channel compared to flood plains.

4. The values of α&β over the flood plains with vegetation are found to be comparatively higher

than that of smooth floodplains.

5. The α&β values were registered maximum at the interface of the main channel and flood

plains. Compared to flood plains, the main channel registered higher energy and

momentum energy coefficients in the both vegetated and non-vegetated conditions due

to the momentum transfer phenomenon
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Abstract 

During Floods or when a river join a reservoir, it expands over the area and flow velocity is reduced. Due to effects 

of gravity, momentum and local scouring and other natural causes river over flow on its flood plain and keep 

expanding and behaves as non-prismatic diverging compound channel. In natural river systems, flood plains are 

rougher than main channel. Then flow on flood plain interacts with main channel. This ‘Kinetics effect’ causes 

formation of secondary currents. This momentum transfer between main channel and flood plain is effected by 

roughness of channel. So present study aims to find how roughness affects distribution of longitudinal velocity in 

diverging compound channel with non-homogeneous roughness and homogeneous roughness. In Non- 

homogeneous roughness condition, Concrete channel with gravel on flood plains case is considered.In 

homogeneous roughness case, smooth Cement concreted channel is considered. In this study, diverging channel 

with diverging angle of 9.83 and relative depth 0.334. Flow modelling is done by using ANSYS software. Present 

study compares results of depth averaged velocity, Turbulent kinetic energy, Boundary shear stresses of both 

homogeneous and non- homogeneous roughness cases. Boundary shear stress computed using TKE method and 

ANSYS are compared and concluded that TKE method can be used for non-prismatic channels but for highly 

roughened beds. Gravel bed is assumed as stationary, no bed load transport is allowed. 

Keywords: Flow modelling, Depth averaged velocity, Boundary shear stress, ANSYS, Gravel bed, TKE. 

1. Introduction

Distribution of depth-averaged velocity is an important aspect in river hydraulics and engineering 

problems in order to give a basic understanding of the resistance relationship, to understand the 

mechanisms of sediment transport and to design sustainable channels. Rivers generally start as an single 

channel, but due to effects of gravity, momentum and various forms of erosion and scouring which 

reinforce their existing course. Every time a river join a reservoir, it expands over the area. Divergence 

generally happens when land slope is mild / flat and velocity of flow is low. Due to heavy rainfalls  and 

other natural causes, the channel with floodplain cross-sections behaves as diverging type non-prismatic 

compound channels. An improper estimation of floods in these regions, will lead to an increase in the 

loss of life and property. The depth-averaged velocity distribution and flow resistance in prismatic 

compound cross-sections have been investigated by a number of authors (Ervine et al. 2000; Ghosh 

and Jena 1971; Khatua and Patra 2008; Khatua et.al. 2012; Myers and Elsawy 1975; Rhodes and 

Knight 1994; Shiono and Knight 1988, 1991). Ellora padhi and K C Patra (2014) conducted 

experiments and numerical validation of analysis of depth averaged velocity in compound meandering 

channels. These models are not appropriate to predictions in compound channels with diverging flood 

plain because non-uniform flow occurs from section to section. Diverging channel flows, being highly 

complicated, are a matter of recent research. B.Naik and khatua (2017) Mohanta (2018) carried out 

K-ꞷ, LES modelling in convergent compound channel flow for analysis of depth averaged velocity and 

other parameters. B S Das and K K Khatua (2018) carried out experimental investigation on flow 

resistance in both convergent and divergent compound channel flows 

Research on compound channel flow is carried out by many researchers, but flow analysis on channels 

with compound roughness is not carried out in sufficient manner. In this study, Gravel and cement 

concrete materials are used. Data of these materials are taken from thesis of Rashmi Rekha Das (2015). 
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Wisam Abd Ali Khalaf Alawadi (2019) conducted numerical modelling of flow in rectangular flumes 

using both smooth and rough flow regimes using CFX solver in ANSYS. Rawaa Shaheed (2016) 

performed numerical modelling of compound meandering channels using VOF method in Open FOAM.  

2. Roughness and Resistance

Channel roughness provides the primary resistance to the force driving the flow and this affects the 

fluid flow. The sum of all the forces on individual roughness elements on the boundary (or, in the case 

of a physically smooth boundary, the sum of the viscous shear stresses at all points of the boundary) 

constitutes the overall drag on the boundary, or conversely the overall resistance to the flow. When this 

force is expresses per unit area it is represented as boundary shear stress. In past years considerable 

research was carried out on roughness and its impact on flow and semi empirical equations are proposed 

like Chezy and Manning equations, which are not based on strict physics and include roughness 

coefficients that are increased to account for channel losses due to shape effects, (Chow, 1959). 

In river engineering, Manning’s equation is usually used to represent channel resistance and is given by 

the relationship shown in equation 1. 

𝑉 = (
1

𝑛
) ∗ 𝑅

2

3 ∗ 𝑆𝑓
1

2  𝐸𝑞. (1)   

Where V is mean velocity of flow, R indicates hydraulic radius, Sf represents energy slope. n is 

manning’s roughness coefficient. 

The main difficulty in using Manning’s equation is estimating accurately a value of the roughness 

parameter n. Each channel exhibits its own characteristics and the roughness parameter is dependent on 

the size and shape of channel, the bed materials, the depth of water and other different features within 

the channel e.g. vegetation and boulders, (Knight et al., 2009). Field observations have shown that, at a 

given cross-section, the Manning’s n varies with depth. Therefore, the Darcy friction factor (f) may be 

preferred to Manning coefficient (n) in defining the roughness of channel surfaces. Colebrook & White 

(1937) clarified how f varies in smooth and rough pipes, conduits running part full and open channels. 

The variation of f is usually expressed in terms of two parameters, the relative roughness (Ks/d) and the 

Reynolds Number, Re (= 4UR/ν). 

1.0

√𝑓
= −2.0 log[

𝐾𝑠

14.8𝑅
+

2.51

𝑅𝑒√𝑓
]  𝐸𝑞. (2)     

The Colebrook-White equation (Eq.2) is physically well established, since it tends towards two 

theoretically limiting cases, described by Schlichting (1979). For very smooth surfaces, as Ks→0, Eq.2 

becomes the Prandtl (smooth law), in which f depends solely on Reynolds Number (Re) giving: 

1.0

√𝑓
= −2.0 log(𝑅𝑒 ∗ √𝑓) − 0.8   𝐸𝑞. (3)   

On the other hand, as Re → ∞, Eq.2 becomes the fully (rough law), in which f is independent of Re and 

depends solely on the ratio of surface roughness (Ks) to hydraulic radius (R), giving: 

1.0

√𝑓
= −2.0 log (

𝐾𝑠

14.8∗𝑅
)   𝐸𝑞. (4)         

In Eq.4 R represents Hydraulic Radius of section. Based on Eq.2, the roughness of any surface can be 

characterized by Ks, the so-called Nikuradse equivalent sand roughness size, which is defined as a 

measure of the size of roughness on a flat surface that would yield the same resistance as that in a 

circular pipe roughened with uniform grains of sand. Technically flow regime can be defined by the 

Roughness Reynolds Number, Re*(=𝑈∗*𝐾𝑠/𝜈), as: Hydraulically smooth (Re* < 5), transitional flow 

(5 < Re* < 70), or hydraulically rough (Re* > 70). Where 𝑈∗ is known as the shear velocity. 
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As mentioned above simulation is done for diverging compound channels for Gravel of size 6.5mm on 

flood plains and concrete main channel and flood plain walls. Ks is a prerequisite parameter for 

numerical prediction models that are used in the present study. Hence, it is important to determine 

equivalent sand roughness height Ks correctly and precisely for all beds of experimental channels. In 

Homogeneous roughness condition, cement concrete was used. In general equivalent sand roughness 

(Ks) was computed from Eq.4. But in case of diverging channel, Hydraulic radius was being increases 

from section to section, so friction factor and Roughness height was calculated at every section and 

average value is taken as roughness height. In general Ks was estimated based on grain size analysis 

performed by using set of IS sieves. The mean diameter of particle (D50) is taken as equivalent sand 

grain size. But in case of gravel due to non-uniformity in size standard deviation should be calculated 

to estimate mean size. The experiment conducted here was on  near uniform gravel of size 6.5mm , 

sieve analysis was performed, from grain particle distribution curve D50 size was considered and 

equivalent grain roughness size is considered as 0.025m, sieve analysis was data taken from thesis  of 

S k banerjee (2016) Manning’s coefficient was obtained from thesis of Rashmi Rekha Das (2015). 

The Reynolds number of flow lies in hydraulically rough flow regime in both roughness conditions. 

Fig 1 Velocity profile variation with increase in roughness size (Ks) 

2.1 Modification of Wall functions for roughness effect in CFD codes 

Fine grid resolution is required to accurately resolve gradients of velocity and temperature. Modelling 

of flow properties such as velocity, viscosity varies with distance from wall. Due to this, additional 

parameters such as wall shear stress, frictional velocity are to be modelled. These properties solved by 

Direct Numerical Simulation (DNS) data is fitted using different functions. These empirical functions 

that are fitted to observe behavior close to wall are called as ‘Wall functions’. In DNS solving, flow 

domain near wall is divided into finer sized cells and functions are fitted piecewise. In wall function 

approach, single function is fitted for all cells near wall and thus computation effort got reduced. Based 

on distance of cell centroid from wall (y+), three distinct regions are classified. Viscous sub layer (y+< 

5), Buffer layer (5<y+<30), and log-law region (y+>30). In log law region, two other regions such as 

log-law inner region (30<y+<300) and outer region(y+>300). All these wall function curves intersect at 

y+ = 11.25, so dimensionless velocity (u+) can be written as: 

𝑈+={
𝑦+,    𝑦+<11.25

(
1

k
) log(E𝑦+) ,   𝑦+>11.25

 𝐸𝑞. (5) 

In above equation, k & E are empirical constants 0.4187, 9.973 respectively.  But this approach gives 

errors in Buffer region. Spalding developed single and smooth function through out buffer region to 

reduce errors, these function are called automatic and blended wall functions. But CFD codes does not 

recommend placing cells in buffer region. CFD codes calculate velocity of flow based on near wall 
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viscosity. At wall as no slip condition is used velocity is zero, at centroid of cell mean velocity (U) is 

specified. Thereby velocity gradient is formed. Based on linear or non-linear pattern of gradient, 

viscosity is modified and velocity is iterated. But in case of rough walls, equivalent sand grain roughness 

(Ks) was proposed by Nikuradse. He conducted experiments on pipe flow and observed that increase in 

equivalent sand grain roughness height (Ks) increases wall shear stress which results in broader velocity 

profile at wall. As shown in figure 3.  

Law of wall is modifies to account for additional shear from roughness elements. This is achieved 

through Function (ΔB), which is function of shape and size of roughness elements. Function (ΔB) is 

split into three distinct regions, namely hydro dynamically smooth (Ks
+ < 2.25), hydro dynamically 

transition ( 2.25< Ks
+ <90), hydro dynamically rough (Ks

+ > 90). Ks
+ is dimensionless roughness height. 

𝐾𝑠
+ =

𝜌 ∗ 𝐾𝑠 ∗ 𝜇𝑡
𝜇

 𝐸𝑞. (6) 

Where, μt = Frictional viscosity. 

Fig 2 Down Shift of Log Law with increase in ΔB 

By incorporating effect of roughness, Equation 5 can be modified as: 

𝑈+={
𝑦+,   𝑦+<11.25

(
1

k
) log(E'𝑦+)  − ∆𝐵,  𝑦+>11.25

 𝐸𝑞. (7) 

𝐸′ = 
𝐸

exp (𝐾 ∗ ∆𝐵)
 𝐸𝑞. (8) 

∆𝐵 =

{

0, 𝐾𝑠
+ < 2.25

1.0

𝑘
log (

𝐾𝑠
+ −2.25

87.75
+ 𝐶𝑠 ∗ (𝐾𝑠

+)) ∗ sin (0.4258 log(𝐾𝑠
+)  − 0.811) , 2.25 < 𝐾𝑠

+  < 90

1

𝑘
log(𝐶𝑠 ∗ 𝐾𝑠

+), 𝐾𝑠
+  > 90

 𝐸𝑞. (9)  
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It can be observed that ΔB saturates with higher Roughness height (Ks). In numerical simulations, 

more information that is precise is needed in cases of roughness height more than size of cell.  

Table 1 materials and their equivalent roughness heights. 

Material Manning’s coefficient (n) Eq. roughness height (ks) (m) 

Gravel (Flood plains) 0.023 0.025 (D50 size) 

Concrete (Main channel) 0.012 0.000907 

Table 2 Roughness cases and details 

Roughness case Main channel Flood plain 

Homogeneous Roughnes 

(HR) 

Concrete Concrete 

Non-Homogeneous 

Roughness (NHR) 

Concrete Gravel 

3. Lateral distribution of longitudinal velocity

The velocity of flood plain is generally lower than main channel, due to the shallow water level and 

high roughness over vegetation covered areas. As result of this velocity gradient, shear layer is observed 

between junction of main channel and flood plains. This shear generates large scale turbulent structures, 

typically large vortices with vertical axis, and a consequent momentum transfer between main channel 

and flood plains. Due to this conveyance of main channel reduces and flood plain ones increases. The 

problem complexity increases a step more when channel is no longer prismatic. water flowing in the 

floodplains now crosses over water flowing in the main channel, resulting in increased interactions and 

exchanges that should also be considered in the flow modelling.  

The Saint-Venant equations – also called shallow-water equations – describe the behaviour of a two-

dimensional flow with a free surface, using depth-averaged values of the velocity components and 

assuming an hydrostatic pressure distribution along a vertical. The Saint-Venant equations can be 

obtained either by depth-averaging the Navier- Stokes equations, or by writing the mass and momentum 

balances for a control volume. 

Fig 3 Flow structure in a compound channel 
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3.1 Depth Averaging Navier-Stokes Equations 

Navier stokes equations are depth averaged as follows: 

𝜕�̅�

𝜕𝑥
+
𝜕�̅�

𝜕𝑦
+
𝜕�̅�

𝜕𝑧
= 0  𝐸𝑞. (10)         

𝜕�̅�

𝜕𝑡
+

𝜕

𝜕𝑥
(𝑢͞ 𝑢͞ ) +

𝜕

𝜕𝑦
(𝑢͞ 𝑣͞ ) +

𝜕

𝜕𝑧
(𝑢͞𝑤̅̅ ̅̅ ) =  −

1

𝜌

𝜕�̅�

𝜕𝑥
+ ʋ∇2�̅�͞ − (

𝜕

𝜕𝑥
𝑢͞′𝑢͞′̅̅ ̅̅ ̅ +

𝜕

𝜕𝑦
𝑢͞′𝑣͞′̅̅ ̅̅ ̅ +

𝜕

𝜕𝑧
𝑢͞′𝑤′̅̅ ̅̅ ̅̅ )      𝐸𝑞. (11)
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𝜕𝑡
+

𝜕

𝜕𝑥
(𝑣͞ 𝑢͞ ) +

𝜕

𝜕𝑦
(𝑣͞ 𝑣͞ ) +

𝜕

𝜕𝑧
(𝑣͞𝑤̅̅ ̅̅ ) =  −

1

𝜌

𝜕�̅�

𝜕𝑥
+ ʋ∇2�̅�͞ − (

𝜕

𝜕𝑥
𝑣͞′𝑢͞′̅̅ ̅̅ ̅ +

𝜕
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𝑣͞′𝑣͞′̅̅ ̅̅ ̅ +

𝜕

𝜕𝑧
𝑣͞′𝑤′̅̅ ̅̅ ̅̅ )       𝐸𝑞. (12)
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𝜕𝑡
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1

𝜌
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𝜕𝑥
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𝜕

𝜕𝑥
𝑤′𝑢͞′̅̅ ̅̅ ̅̅ +

𝜕

𝜕𝑦
𝑤′𝑣͞′̅̅ ̅̅ ̅̅ +

𝜕

𝜕𝑧
𝑤′𝑤′̅̅ ̅̅ ̅̅ )  𝐸𝑞. (13)

where x, y and z are respectively the longitudinal, transverse and vertical directions; u, v and w are the 

local velocity components, respectively in the x-, y- and z-directions. p is the pressure; ρ is the density 

of water; g is the gravity constant; and ʋ is the molecular viscosity. A Reynolds averaging of the local 

velocity components has been used, where u ,v and w are the Reynolds averaged velocities; and u', v' 

and w' are their turbulent fluctuations, whose products define Reynolds turbulent stresses. In the present 

work, the shear stresses due to molecular viscosity will be neglected compared to the Reynolds stresses, 

as they are usually several order of magnitude smaller.  

The depth-averaging will be performed along the y-direction, between the bed level and the free-surface 

water level. H is water depth between bed level and free surface level. The depth-averaged longitudinal 

U velocity components is thus defined as: 

𝑈 =  
1

𝐻
∫ 𝑢͞ ̅𝑑𝑦

𝐻

0

 𝐸𝑞. (14) 

In present study, water flows in X direction and hydrostatic pressure distribution lies in Y axis. So 

integration of longitudinal velocity components over total flow depth is computed. The distribution of 

flow velocity component along direction of width of channel gives velocity distribution in channel. 

Point velocities are taken in channel at every 5cm interval in width direction and 0H, 0.2H, 0.4H, 0.6H, 

0.8H, 0.99H in flow depth. To keep track of sectional area changes on velocity, five sections are 

considered in diverging part and grid velocities are computed at each sections.  

Fig 4 Velocity grid for point velocities 

4. Relation between Turbulent kinetic energy and Boundary shear stress

4.1 Turbulent Kinetic Energy (k) 

In fluid dynamics, turbulence kinetic energy (TKE) is the mean kinetic energy per unit mass associated 

with eddies in turbulent flow. Physically, the turbulence kinetic energy is characterised by 

measured root-mean-square (RMS) velocity fluctuations. Generally, the TKE  defined to be half the 

sum of the variances (square of standard deviations) of the velocity components: 
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𝑘 = 0.5 ∗ ((𝑢͞′̅)
2
+ (𝑣͞′̅)

2
+ (𝑤′̅̅ ̅)

2
)  𝐸𝑞. (15) 

𝑢͞′ = 𝑢͞ − �̅�͞,   𝑢͞′̅ =
1

𝑇
∫ (𝑢͞(𝑡) − �̅�͞
𝑇

0

)𝑑𝑡 = 0  𝐸𝑞. (16) 

where the turbulent velocity component is the difference between the instantaneous and the average 

velocity. In Computational Fluid Dynamics, Turbulent kinetic energy is a fundamental flow property 

which must be calculated in order to close the equations of turbulence model. TKE can be produced by 

fluid shear, friction or buoyancy, or through external forcing at low-frequency eddy scales(integral 

scale). Turbulence kinetic energy is then transferred down the turbulence energy cascade, and is 

dissipated by viscous forces at the Kolmogorov scale. Calculation of turbulent kinetic energy depends 

upon the turbulence model. In Eddy Viscosity Models, Boussinesq hypothesis is used to calculate 

Reynolds stress. In solving eddy viscosity, production and dissipation of turbulent kinetic energy is 

involved. K-epsilon model assumes isotropy of turbulence, that is normal stresses are equal (u͞’2 = v͞’2 = 

w͞’2). This assumption makes modelling of turbulence quantities (k and ε) simpler, but will not be 

accurate in scenarios where anisotropic behaviour of turbulence stresses dominates, and the 

implications of this in the production of turbulence also leads to over-prediction since the production 

depends on the mean rate of strain, and not the difference between the normal stresses (as they are, by 

assumption, equal). Reynolds-stress models (RSM) assumes different method to close Reynolds 

stresses, whereby the normal stresses are not assumed isotropic, so the issue with TKE production is 

avoided. 

4.2 Modification of Turbulent kinetic energy equation for roughness wall functions 

Physically Turbulent kinetic energy involve with velocity of flow and gradient of velocity. In order to 

generate turbulent kinetic energy, we need velocity shear. Velocity shear, velocity fluctuations gives 

rise turbulent kinetic energy in flow field. In computational fluid dynamics codes, conservation equation 

of turbulent kinetic energy (k) in any turbulence model is defined by 

𝜕(𝜌𝑘)

𝜕𝑡
+ ∇ (𝜌𝑈𝑘) =  ∇ [(𝜇 +

𝜇𝑡
𝜎𝑘
 ∇𝑘)] + 𝑃𝑘 − 𝑃𝜀   𝐸𝑞. (17) 

−𝜌𝑢͞𝑖
′̅𝑢͞𝑗
′̅ =  𝜇𝑡 (

𝜕𝑈𝑖
𝜕𝑥𝑗

+
𝜕𝑈𝑖
𝜕𝑥𝑖

) −
2

3
 𝜌𝑘𝛿𝑖𝑗  , 𝜇𝑡 =

𝜌𝑘

ꞷ
 𝐸𝑞. (18) 

𝑃𝑘 = −𝜌𝑢͞𝑖
′̅𝑢͞𝑗
′̅
𝜕𝑈𝑖
𝜕𝑥𝑗

 ≅  𝜏𝑡𝑢𝑟𝑏  
𝜕𝑈

𝜕𝑦
 𝐸𝑞. (19) 

𝑃𝑘 = 𝜏𝑡𝑢𝑟𝑏 ∗
𝜕𝑈

𝜕𝑦
, 𝑃𝑘 = {

0, 𝑦+ < 𝑦𝑙𝑎𝑚𝑖𝑛𝑎𝑟

𝜏𝑤 ∗
𝜕𝑈

𝜕𝑦
, 𝑦+ < 𝑦𝑙𝑎𝑚𝑖𝑛𝑎𝑟

 𝐸𝑞. (20) 

In ANSYS Fluent code, may use different method to estimate production term (Pk) near wall. Fluent 

compute Turbulent kinetic energy at cell centroids. Eq.17 is also called as transport equation for k in 

any turbulence model. Above equation is important in closing system and to be solved in every single 

cell of mesh. Production of k arises from eddy viscosity term as shown in Eq.18.  Production of k term 

(Pk) in Eq.17 can be defined as product of Reynolds stress term and mean velocity gradient as shown in 

Eq.19. In cells adjacent to wall, k is calculated by assuming product of Reynolds stress and velocity 

gradient is nearly equal to product of turbulent shear stress (τturb) and velocity gradient with respective 

distance from wall, mathematically represented in Eq.19. In cases away from wall, Boussinesq eddy 

viscosity hypothesis is used, represented in Eq.18. In Reynolds stress model (RSM), eddy viscosity 

hypothesis is eliminated, so issue of production of k is eliminated. Production equation of k assumes 

rate of transport of Reynolds stress by diffusion is proportional to gradients of Reynolds stress. So 
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production term is solved by using wall shear stress (τw ) and velocity gradient. In laminar sub layer, 

turbulent fluctuations are damped by high viscosity. For cells adjacent to multiple boundaries, CFD 

codes assign weights to faces and multiply obtained production term with weight. 

4.3 Boundary shear stress 

When water flows along a channel, channel bed and walls offer resistance against flow, this resistance 

force along the wetted area of flow is called boundary shear stress. In CFD codes, flow parameters such 

as velocity, shear stress are calculated by adjusting near wall viscosity. Due to larger viscous forces in 

laminar sub layer, velocity gradient is small and thus by near wall viscosity increases. But in cells away 

from wall, wall shear stress decreases. 

4.4 Relation between Turbulent kinetic energy and Boundary shear stress 

Shear stress parameter is one of the contributing factors in the prediction of scour in mobile beds. Even 

though this paper assumes a rigid bed, bed shear stress distribution can to a large extent help with the 

qualitative understanding of scour pattern. Here, two different methods are used in order to plot bed 

shear stress: ANSYS results, Turbulent Kinetic Energy (TKE) method. 

The TKE method is a method for determination of bed shear stress, which is done through measuring 

three fluctuation velocity components, in accordance with Eq. 22. 

𝜏𝑤 = 𝐶1 ∗ [0.5 ∗ 𝜌 ((𝑢͞′̅)
2
+ (𝑣͞′̅)

2
+ (𝑤′̅̅ ̅)

2
) , 𝐶1 = 0.19  𝐸𝑞. (21) 

Substituting Eq.15 into Eq.21 gives rise 

𝜏𝑤 = 𝐶1 ∗ 𝜌 ∗ 𝑘        𝐸𝑞. (22) 

Researchers for meandering channels determine the above constant. Present study verifies the model 

thus by extending that model to non-prismatic channels. 

5. Numerical Modelling

In the present work, Computational Fluid Dynamics tool is used for model verification which is based 

on the three dimensional form of Navier-Stokes equations. Computational Fluid Dynamics uses 

numerical methods and algorithms to solve and analyze problems that involve Fluid flows. Computers 

have been used to execute the calculations necessary to simulate the Contact of liquids and gases with 

surfaces defined by boundary conditions. The CFD based Simulation relies on numerical accuracy, 

modelling precision and computational cost. For this purpose, a 3D numerical code FLUENT has been 

tested for its suitability for simulation of fluid flows. ANSYS Fluent provides comprehensive modeling 

capabilities for a wide range of incompressible and compressible, laminar and turbulent fluid flow 

problems. Steady-state or transient analyses can be performed. In ANSYS Fluent, a broad range of 

mathematical models for transport phenomena (like heat transfer and chemical reactions) is combined 

with the ability to model complex geometries. Another very useful group of models in ANSYS Fluent 

is the set of free surface and multiphase flow models. These can be used for analysis of gas-liquid, gas-

solid, liquid-solid, and gas-liquid-solid flows. 

For these types of problems, ANSYS Fluent provides the volume-of-fluid (VOF), mixture, and Eulerian 

models, as well as the discrete phase model (DPM). The DPM performs Lagrangian trajectory 

calculations for dispersed phases (particles, droplets, or bubbles), including coupling with the 

continuous phase. Examples of multiphase flows include channel flows, sprays, sedimentation, 

separation, and cavitation. A numerical model consists of five stages. They are Geometry, Meshing, 

Solver setting, Solutions and Post Processing.  
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5.1 Geometry 

In geometry, the channel is modelled with both boundary solid and liquid flow domain. Boolean 

operations are used for unification of flow domain on both sides keeping the center of channel as origin. 

Both solid and fluid domains are modelled contact with each other is defined as bonded contact area. 

Named selections are used to identify the different components in channel. Six flow identification 

named selections such as Main channel bed, walls, Flood plain bed, flood plain walls, Inlet and outlet 

are used. Two domain identification named selections such as Solid, Flow domain are used. The contact 

surfaces of solid and fluid are selected as target and contact bodies to represent roughness conditions. 

Channel cross section lies in YZ plane and channel length is projected in positive X direction. Flow 

direction is positive X direction. Hydrostatic pressure distribution lies in positive Y direction. 

Table 3 Details of compound channel 

Item Description Diverging Compound 

Channel Properties 

Geometry of Main channel Rectangular 

Geometry of Flood plain Diverging (Non-Prismatic) 

Main channel width (b) 0.34m 

Bank full depth of main channel (h) 0.1m 

Total flow depth (H) in m 0.15m 

Top width of channel before diverging 0.94m 

Top width of channel after diverging (B) 1.98m 

Channel length 20m 

Diverging length 3m 

Bed Slope 0.0017 

Width ratio (α) =B/b 2.765 ≤ α ≤ 5.83 

Aspect Ratio (δ)= B/H 6.27 ≤ δ ≤ 13.2 

Diverging Angle 9.83 

Relative Depth ((H-h)/(H)) 0.334 

Position of Section 1 Section before diverging 

part,At 14m from Inlet. 

Position of Section 2 0.75m from section 1 

Position of Section 3 0.75m from section 2 

Position of Section 4 0.75m from section 3 

Position of Section 5 0.75m from section 4 

Fig 5 Geometry of full channel 

5.2 Meshing 

Patch conforming meshing is a meshing technique in which all faces and their boundaries (edges and 

vertices) [patches] within a very small tolerance are respected for a given part. Mesh based defeaturing 

is used to overcome difficulties with small features and complex geometry. Meshing is process of 

dividing whole section into small number of elements. The Navier-Stokes Equations are non-linear 

partial differential equations, which consider the whole fluid domain as a continuum. In order to 

simplify the problem the equations are simplified as simple flows have been directly solved at very low 
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Reynolds numbers. The simplification can be made using what is called discretization. Construction of 

mesh involves discretizing or subdividing the geometry into the cells or elements at which the variables 

will be computed numerically. For transient problems an appropriate time step needs to be specified. 

To capture the required features of fluid flow with in a domain, the time step should be sufficiently 

small but not too much small which may cause waste of computational power and time. Spatial and 

time discretization are linked, as evident in the Courant number. For identification of surface domains 

named selections are taken. In this study six number of named selections, that is Inlet, Outlet, Main 

channel bed, Flood plain bed, Main channel walls, Flood plain walls. 

Table 4 Mesh Statistics 
Domain Elements Nodes 

Fluid Flow Domain 524873 105117 

Solid domain 458186 99754 

Total 983059 204871 

Table 5 Mesh Quality parameters 
Property Maximum Minimum 

Max. Face angle 108.489 59.693 

Min. Face angle 68.75 21.66 

Element Volume Ratio 8.52 1.0 

Edge Length Ratio 2.66 1.03 

5.3 Solver setting 

5.3.1 Set up 

The VOF model can model two or more immiscible fluids by solving a single set of momentum 

equations and tracking the volume fraction of each of the fluids throughout the domain. Typical 

applications include the prediction of jet breakup, the motion of large bubbles in a liquid, the motion of 

liquid after a dam break, and the steady or transient tracking of any liquid-gas interface. The VOF 

formulation relies on the fact that two or more fluids (or phases) are not interpenetrating. For each 

additional phase that you add to your model, a variable is introduced: the volume fraction of the phase 

in the computational cell. In each control volume, the volume fractions of all phases sum to unity. if the 

qth fluid’s volume fraction in the cell is denoted as αq, then the following three conditions are possible: 

 αq = .0,  The cell is empty (of qth fluid).

 αq = 1,  The cell is full.

 0 < αq< 1, The cell contains the interface between the qth fluid and one or more fluids.

ANSYS Fluent can model the effects of open channel flow using the VOF formulation and the open 

channel boundary condition. In present study, Air and water are selected as Two-phases in which air 

being primary and water being secondary phase. Transient flow is opted because flow parameters will 

vary from section to section. As channel geometry is created flat, the effects of slope are imposed as 

gravity vector which is imposed in model as  (ρgsinθ, 0, -ρgcosθ) in X, Y, Z directions respectively. 

Note that X component is causing water flow along channel and Y component is responsible for vertical 

pressure distribution. Given that angle θ is quite small, it implies that x component is small (in order of 

10) whilst the z component can be quite large (in order of 104). It has been found that z component has

causing convergence problems to the solver. Most computational algorithms use relative pressure and

relative density to avoid large source terms, in this case vertical gravity component leads to large

pressure term and consequently causes errors. In view of this, following advice from vendor, this

component was set to zero. This has no effect on velocity field or shear stress only effects on vertical

pressure distribution. Water-air surface tension modelling is done using surface tension constant 0.072

N/m.
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5.3.2 Turbulence Modelling 

ANSYS Fluent offers wide range of viscous modelling options like K-ε model and K-ꞷ model, 

Reynolds stress model and Large Eddy Simulation model. Number of sub-models are available in each 

model. Difference between each sub model is updated model constants. In industrial flow problems two 

equation models such as K-ε and K-ꞷ are used. These two models work on basis of eddy viscosity. 

Hence these are called as Eddy Viscosity Models (EVM). But these two equation models does not work 

very well in case of complex flows such as separation regions, stream line curvature. Hence Reynolds 

stress model is introduced in which elimination of Eddy viscosity hypothesis and individual components 

of Reynolds shear stresses are directly computed. These models are known as Second Moment Closure 

(SMC) models. These model offers computations cheaper than DNS and LES models. 

5.3.3 Governing Equations 

Reynolds stress models include six fluctuation stress equations and one equation for Transport of 

Reynolds stress. So in total seven equations are solved.  Reynolds stress Transport equation can be 

written as: 

𝑅𝑖𝑗 = 𝑢͞𝑖
′𝑢͞𝑗′ = −

𝜏𝑖𝑗

𝜌
 𝐸𝑞. (23) 

𝐷𝑅𝑖𝑗

𝐷𝑡
= 𝐷𝑖𝑗 + 𝑃𝑖𝑗 + 𝛱𝑖𝑗 + ꭥ𝑖𝑗 − 휀𝑖𝑗   𝐸𝑞. (24) 

𝐷𝑖𝑗 = 
𝜕

𝜕𝑥𝑚
 (
𝑉𝑖 

𝜎𝑘
∗
𝜕𝑅𝑖𝑗

𝜕𝑥𝑚
)   𝐸𝑞. (25) 

𝑃𝑖𝑗 = −(𝑅𝑖𝑚  
𝜕𝑈𝑗

𝜕𝑥𝑚
+ 𝑅𝑗𝑚

𝜕𝑈𝑖
𝜕𝑥𝑚

)   𝐸𝑞. (26) 

𝛱𝑖𝑗 = −𝐶1  
휀

𝑘
 (𝑅𝑖𝑗 −

2

3
𝑘𝛿𝑖𝑗) − 𝐶2 (𝑃𝑖𝑗 −

2

3
𝑝𝛿𝑖𝑗)   𝐸𝑞. (27) 

ꭥ𝑖𝑗 = −2𝜔𝑘 (𝑅𝑗𝑚𝑒𝑖𝑘𝑚 + 𝑅𝑖𝑚𝑒𝑗𝑘𝑚) , 𝑒𝑖𝑗𝑘 = {
1,  𝑖, 𝑗, 𝑘 𝑎𝑟𝑒 𝑖𝑛 𝑐𝑦𝑐𝑙𝑖𝑐 𝑜𝑟𝑑𝑒𝑟

−1,  𝑖, 𝑗, 𝑘 𝑎𝑟𝑒 𝑖𝑛 𝑎𝑛𝑡𝑖 − 𝑐𝑦𝑐𝑙𝑖𝑐 𝑜𝑟𝑑𝑒𝑟
 𝐸𝑞. (28) 

휀𝑖𝑗 =
2

3
휀𝛿𝑖𝑗 , 𝛿𝑖𝑗 = {

1,  𝑖 = 𝑗
0,  𝑖 ≠ 𝑗

 𝐸𝑞. (29) 

Rij is Reynolds stress term, Left hand side of Eq.16 represents transport of Rij by convection, Dij 

represents diffusion, Pij represents rate of production, Πij represents transport of Rij due to turbulent-

pressure strain interaction, ꭥij represents transport due to rotation, εij represents rate of dissipation of Rij 

The above six equations (Eq.25 to Eq.29) represents six independent Reynolds stresses. Physically, the 

Production term represents the action of the mean velocity gradients working against the Reynolds 

stresses. This accounts for the transfer of kinetic energy from the mean flow to the fluctuating velocity 

field. The production term does not require closure. Remaining all terms require closing. Physically 

Eq.27 represents redistribution of energy amongst normal Reynolds stress. So to make them more 

isotropic and reduce Reynolds shear stress. Left hand side of Eq.27, represents slow pressure-strain 

correlation term that distributes energy among Reynolds stresses, In Eq.27, constants C1 = 1.8 and C2 

= 0.6. The modelling of diffusion term is based on assumption that rate of transport of Reynolds stress 

by diffusion is proportional to gradients of Reynolds stresses. In Eq.25, σk = 1, parameter σ is assumed 

as a function of Turbulent Reynolds stress. In Rotation term equation ꞷk is rotation vector. Dissipation 

rate in Eq.29 is modelled by assuming isotropy of small dissipative eddies. It is obtained by using 
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Kronecker delta (δ).   Unlike the k-ε model which uses an isotropic eddy viscosity, RSM solves all 

components of the turbulent transport. In this study, stress-ꞷ sub model is used, so that turbulent kinetic 

energy and dissipation rate are given as input at inlet. 

5.3.4 Boundary conditions 

Four different types of boundary condition were considered in this study. These are pressure- inlet, 

outlet, water surface, and walls of the geometry. 

5.3.4.1 Pressure inlet and outlet boundary condition 

Pressure inlet boundary conditions are used to define the fluid pressure at flow inlets, along with all 

other scalar properties of the flow. They are suitable for both incompressible and compressible flow 

calculations. Pressure Inlet boundary condition is used for ‘Open channel Initialization’ in Fluent. 

Pressure inlet boundary conditions can be used when the inlet pressure is known but the flow rate and 

or velocity is not known .At the inlet, turbulence properties i.e. k (turbulence kinetic energy) and (ω 

turbulence dissipation rate) must be specified. At the outlet, the pressure condition was given as the 

boundary condition and pressure was fixed at zero. For pressure gradient calculations, Free water 

surface level and bottom level are mentioned. To initialize the flow, a mean velocity of 0.569 m/s is 

specified over the whole inlet plane upon which velocity fluctuations are imposed. From ANSYS 

Theory Guide, K and ω are calculated from formulas given below: 

𝑘 = 1.5 ∗ 𝑙 ∗ 𝑈𝑎𝑣𝑔  𝐸𝑞. (30) 

𝜔 = 
휀

𝐶𝜇 ∗ 𝐾
 𝐸𝑞. (31) 

휀 =  
𝐶𝜇 ∗ 𝐾

3/2

𝑙
 𝐸𝑞. (32) 

Where, l = Turbulence length scale, U avg = mean velocity of flow, C μ is an empirical constant 

taken as 0.09.    

5.3.4.2 Wall 

The channel walls i.e. side walls and bottom are represented as non-slip walls. A no-slip boundary 

condition is the most common boundary condition implemented at the wall and prescribes that the fluid 

next to the wall assumes the velocity at the wall, which is zero.  

U = V = W = 0. 

5.3.4.2.1 Modelling Roughness effect: 

The wall boundary condition in the turbulent flow is implemented and initiated by evaluating the 

dimensionless distance ‘y+’ from the wall to the nearest boundary node. This dimensionless distance is 

the function of the near wall node to the solid boundary, friction velocity and the kinematic viscosity. 

The near wall treatment will depend on the position of the nearest to the boundary node. If y+ ≤5, the 

nearest to boundary node will lie in the viscous sub-laminar layer where profile is linear and very fine 

meshing is required. This will tend to intensify the computation effort, which is being dedicated for near 

wall treatment. In another case where y+ >5, the nearest boundary node will lie in the buffer layer which 

is the transition region from viscous sublayer and the log law region. The main shortcoming of the wall 

function approach is their dependability on the nearest node distance from the wall, which cannot be 

overcome through refining since it does not guarantees high accuracy. Thus, standard wall function 

which uses log-law of the wall to compute the wall shear stress is used (Spalding 1980). Fluid flows 
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over rough surfaces are encountered in diverse situations. If the modeling is a turbulent wall-bounded 

flow in which the wall roughness effects are considered significant, it can include the wall roughness 

effects through the law-of-the-wall modified for roughness.  

y+ value is assumed before starting of simulation, from literature, it is known that for application of wall 

functions, condition 30<y+<300 is required. From that, height of cell centroid (yp) is to be solved.  

𝑦𝑝 = 
𝑦+ ∗  𝜇

𝜇𝑡 ∗  𝜌
 𝐸𝑞. (33) 

From above equation, cell size can be computed and given as input in meshing part and y+ 

value is to be checked in post processing. After trails, desired y+ value can be achieved.  

5.3.4.3 Surface Symmetry 

The water surface was defined as a plane of symmetry which means that the normal velocity and normal 

gradients of all variables are zero at this plane. Free surface, in the present study, is modeled through 

VOF for estimating the domain for air and water (multiphase problem). 

5.4 Solution 

The solving of governing equations is iterated by using number of time steps. For time saving Non 

Iterative Time Advancement is used, in which solving of momentum equation every time even after 

solution converged is eliminated. Symmetry condition was also used to reduce computational effort. 

Solution is said to be converged when residuals reached precision of 0.01. Total of 1000 time steps are 

given for complete convergence of solution It is observed that solution is properly converged. Mass 

flow rate curve is plotted for calculation of discharge from inlet to outlet, From that curve the difference 

in flow between inlet and outlet is 0.000000042 m3/sec (~0 m3/sec). Therefore, it proves that 

conservation of mass is achieved. 

Fig 6 mass-balance plot for inlet and outlet faces in ANSYS 

6. Results

6.1 Depth averaged velocity results 

Depth averaged velocity along the width of channel is plotted for all sections. To quantify the roughness 

effect, at all sections velocity curve is compared with CES results in both roughness cases. Figures 
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7,8,9,10,11 represents the longitudinal velocity at sections 1 to 5. It can be noticed that main channel 

velocities does vary in both cases as roughness of main channel is same in both cases. But as in flood 

plain, velocities are effected by roughness. Difference in main channel and flood plain velocities are 

observed by increase in curve height. The variation of velocity on flood plain increases gradually. In 

section 5, the velocities on flood plain increases with increase in distance from wall. The peak of 

velocity is always lies in main channel in both conditions. The peak of velocity values are going down 

from section to section as flow continues in flow direction. The peaks of velocity reduced from 0.438 

m/sec in section 1 to 0.319 m/s in section 5. This decrease in velocity peak can be cumulative effect of 

increase in flow area and roughness. Even though the equivalent grain size (Ks) of main channel is 

given same in both cases, variation of velocity can be seen due to increase in distance from wall and 

presence of shear layer. In section 1 velocity in main channel in both cases is same because of strong 

momentum transfer between main channel and flood plain. But after flow enters diverging portion, 

gravel bed provides resistance to flow and momentum of flow is transferred to main channel. So velocity 

is observed more in NHR case than HR case. Experimental verification may provide precise information 

about this effect. 
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Fig 7, 8, 9, 10, 11 Depth averaged velocities at all sections considering both roughness cases 

6.2 Variation of turbulent kinetic energy 

Turbulent kinetic energy is measured in m2/s2.Turbulent kinetic energy is plotted at all sections, with 

distance starting from floodplain wall. It can be observed that k value  in NHR case, tends to increase 

upto section 1 to section 3 and start decreasing from there on. This is due to increase in area of geometry 

of channel and roughness. As turbulent kinetic energy is representative of energy of eddies, energy is 

distributed as increase in area, so peak value keep reducing after some limit. Turbulent kinetic energy 

in HR case shows same pattern. It can be observed that turbulent kinetic energy is directly proportional 

to distance from wall and inversely proportional to length of channel. 

Fig 12 Variation of Turbulent Kinetic Energy along length of flow in NHR case 
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Fig 13 Variation of Turbulent Kinetic Energy along length of flow in HR case 

6.4 Boundary shear stresses 

Distribution of boundary shear stress is concentrated only on flood plain region as roughness varies in 

two cases. Distribution is plotted with respect to distance from floodplain wall. Wall shear stress results 

from ANSYS and TKE method are plotted and compared. It can be observed that in NHR case TKE 

method gives reasonable prediction of wall shear stress. In HR case, TKE method give unsatisfactory 

results. So using TKE to estimate boundary shear stress may give good results only in High roughness 

conditions. In NHR case, TKE method follows same pattern which is an good indicator that this method 

can be used for non-prismatic sections also. It can also be noted that, boundary shear stress values tends 

to increase with increase in distance from wall. Maximum value of boundary shear stress occurs at 

junction of main channel and floodplain.   
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Fig 14, 15, 16, 17, 18 Comparison of boundary shear stress using both methods in NHR and HR 

Conditions 

7. Conclusion

In present study, Numerical modelling of diverging compound channel is done for two roughness 

conditions. For evaluation of impact of roughness on flow all flow properties like velocity, boundary 

resistances are computed and compared to each other. Findings of the study are as follows: 

 Numerical simulations are very helpful in evaluating real time flows and reducing

experimentation costs. Re-run of experiment with different discharges, roughness’s etc. can be

performed at same time.

 Flow in two stage channels are affected by formation of secondary flows, large-scale vortices

and momentum transfer between main channel and adjoining flood plain.

 From depth averaged velocity plots, it can be observed that velocity variation in flood plain as

in different roughness conditions, these velocity variations proves the impact of roughness on

flow velocities.

 Change in velocities in main channel even at same roughness represents momentum transfer

into main channel because of obstruction of flow on floodplain. Experimentation validation

gives precise information about this effect.

 Velocity peaks are always observed in main channel only and reduction of peak velocities from

0.438 m/s in section 1 to 0.319 m/s in section 5 shows the combined effect of increase in flow

area and roughness of flow.

 From Turbulent Kinetic Energy profiles, it can be concluded that turbulent kinetic energy

follows direct proportional relation at low roughness bed but inversely proportional as flow

advances due to increase in area of floodplain.

 In high roughness gravel bed cases, turbulent kinetic energy increases up to some distance and

then decreases. This may be due to dissipation of energy of eddies due to high roughness.

 Turbulent Kinetic energy can be used for estimating boundary shear stresses, in high roughness

cases it gives good results. But in case of low roughness, TKE method leads in improper

estimation of boundary shear stress.

 Boundary shear stress value increases with increase in distance from wall and peak value is

observed at junction of main channel and floodplain due to combination of both roughness

values.
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Abstract 

This is a brief report about the study of sediment transport which occurs in the rivers especially during high 

flow rates in the river and which leads to various loses like decreasing the capacity of flow in the canal, 

reducing the useful life of a reservoir or dam and so on. A brief description about the types of sediment load in 

the river, the factors affecting the sediment transportation is discussed. The methodology mentioning the 

various approaches or equations to calculate the bed load in the river based on different concepts is discussed 

here, also suspended load is obtained from the website India – WRIS and adding them both will yield the total 

load. The Godavari basin which has majority of its land area in Maharashtra is considered as the study area for 

the dissertation and the data required for the computation of bed load, like the Velocity of flow, the Discharge, 
slope, Manning’s n, Mean Hydraulic Radius, etc. are obtained from the Central Water Commission (CWC). 

After computing the bed load from the above approach, the modelling of the results obtained is done using 

Microsoft Excel. The model prepared is then validated using three different performance indices namely the 

Co – efficient of Determination (R2), Root Mean Square Error (RMSE) and the Nash – Sutcliffe Efficiency 

(NSE).  

Keywords: sediment transport, capacity, approaches, bed load, suspended load, total load 

1. Introduction

The river morphological changes occur due to sediment transport in the river and it is important to 

know about the fluvial processes. The rate at which sediment transport occurs in the river is termed as 
load, which also represents the amount of sediment transport in the river. When the average bed shear 

stress generated by the flow (τ0) exceeds the critical shear stress (τoc), the initiation of sediment 

particle motion occurs. 

There are various mode of bed load transport like rolling, sliding and hopping which are termed as 

saltation load, these are close to the bed and do not permanently lose contact with the bed and so they 

are a part of the bed load. Velocity fluctuations i.e. turbulence interacts with the particles and play an 
important role in the transport of sediment in the form of bed load as well as suspended load. If excess 

shear stress (τo – τoc) is small then bed load transportation takes place in the form of sliding and 

rolling, in this mode sediment are in contact with the bed. When excess shear stress increases then 
jumping and bouncing off a particle occurs and the particle loses contact for a fraction of time period 

to attain an average height in the flow of a number of a number of particle diameters that mode of 

transport is known as saltation (Dey  2014). The bed load transport that takes place by successive 

contact of particles associated with bed being limited by the gravity effect is defined by (Bagnold 
1956). The particle’s movement takes place in different mode depending on the flow conditions, the 

ratio of fluid density to sediment density and the particle sizes (Haddadchi 2013). The material 

moving in suspension due to velocity fluctuation or turbulence when the excess bed shear stress 
increases. 

Now, wash load is also a part of sediment in natural streams that remain near to the top water surface. 
That may be the part of the permanent suspension and transported without deposition because it 

contains very fine material like silt and clay and settles at less velocity and they are in suspended 
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form. There is a strong interdependence between resistance to flow and regime of flow. Bed load 
transport and resistance to the flow are also interrelated indicated by investigation concerning the bed 

load transport. Due to the lack of study related to resistance and lesser understanding of resistance to 

flow in the mobile boundary channel, the study of sediment transport becomes complicated.  

Many uncertainties involved in the measurement of bed load transport and the bed load equation 

developed are also not reliable. Due to an increase in the shear stress the bed material transport with a 

stream in suspension form velocity of that particle is almost equal to the velocity of stream flow of the 
river. In the case if uniform sediment only bed load transport occurs at low shear stress but at higher 

shear stress suspended load occurs as well while in case of non – uniform sediment less size of 

particle may be transported in the form of suspension predominantly but in case coarser particles may 
move as bed load if they are moving. 

The concentration of suspended load in the vertical direction decreases the distance from the bed that 

was observed by experimental and natural river data. According to Jeffery (1929), when the lift on the 
particle is more than the submerged weight the particle will move upwards against the direction of 

flow, the fluctuation due to turbulence near the channel boundary is also responsible for a particle to 

go in suspension form. According to Sutherland (1967), a particle on bed is in the condition of 
incipient motion, the sequence of event happening in entrainment of sediment as follows, according to 

him round or oval shaped eddies generated in turbulent flow when these eddies approach bed they get 

distorted and flow velocity within the eddy increases laminar sub – layer disrupted by these eddied 
and it impinges on the surface layer of the particle that results in an increase in shear stress at that 

point leads to the particle in rolling at the incipient motion condition (Karna 2010). The particle may 

move outside the area of influence of generated eddy if the intensity of the eddies is large enough to 

cause the particle to move in suspension form. 

2. Study Area

Godavari basin lies under Deccan Plateau consisting of an area of 312812.0𝑘𝑚2. The basin lies

between 73°24'E to 83°4'E and 16°19'N to 22°34'N. The Godavari River originates at an elevation of 

1067 m in the Western Ghats near the Triambak hills in the Nasik district of Maharashtra and joins 
the Bay of Bengal after traveling 995 km from east to west direction and is the second-largest basin 

accounts nearly 9.5% of the total geographical area of the country. The basin is surrounded in north 

Mahadeo and Satmala Hills, in the south by Ajanta range and the Satmala hills and in the west by 
North Sahyadri range of the Western Ghats. The entire Godavari basin can be divided into three sub-

basins. Upper Godavari basin, Middle Godavari basin, and Lower Godavari basin. Upper Godavari 

basin of 33502𝑘𝑚2. Ranges from sources to manjira confluence. Middle Godavari basin of 17205

𝑘𝑚2 from confluence points manjira to Pranhita and Lower Godavari basin of 24869 𝑘𝑚2 from
Pranhita to sea. The number of water resources structures on this basin is as shown in the table below. 

Different data like topographical data, satellite data, soil data, meteorological data and 

discharge data were collected from the Central Water Commission (CWC) for the present 

study. The following data collected are discharge, velocity, slope, Manning’s n, d50 and the 

mean hydraulic radius. 

Table 1 Details of data collected stations from the Godavari basin 

Station Latitude Longitude State 

Degloor 18°32”40’N 77°34”28’E Maharashtra 

G. R. Bridge 19°02”30’N 76°49”12’E Maharashtra 

Dhalegaon 19°13”30’N 76°21”49’E Maharashtra 

Pachegaon 19°32”39’N 74°50”1’E Maharashtra 

92



Figure 1 Index Map of Study Area (Source: India – WRIS) 

3. Methodology

Bed Load calculation of any river can be done with the help of many empirical equations. These 
equations are based on many parameters, most of them are based on the excess shear stress developed 

at the bottom of the channel like Meyer – Peter Muller, Du – boys, Shield, etc. while others are based 

on the fall velocity concept like Einstein – Brown method, Kalinske’s equation is based on the critical 

tractive force. When fluctuation and turbulence of the flow increases, the sediment transport rate also 

increases. 

The data collected from CWC is daily data so it has to be converted into seasonal data because most 

of the major rainfall events occurs in this time period, in this case for Godavari Basin the monsoon 

season is between July to October. The following steps are followed to convert the daily data into 

seasonal data: 

1. First sort the given data, so that the misprinted or wrong data can be identified and removed

or edited so as to obtain the correct results. The missing data is obtained using interpolation.

2. The daily data is converted into monthly data by taking the average of all the daily data from

July to October.

3. Then, the monthly data is converted into seasonal (monsoon) data by taking the average of

monthly data.

4. Now, this data can be used to compute the bed load with the help of different approaches.

The bed load calculated with the help of hydraulic data and sediment data using different equations 
are described below. 

93



3.1 Bed Load Calculation. 

1. Einstein – Brown approach (1950)
The concept of fall velocity is used for the calculation of bed load given below as, 

𝑞𝑏

𝑤𝑑
= 40 (

𝜏𝑜

𝛾𝑤𝑑(𝑆𝑠 − 1)
)

3 (1) 

where, 𝑤 = 𝐺√𝑔𝑑(𝑆𝑠 − 1) (2) 

where, w = fall velocity of the particle, g = acceleration due to gravity,  d = average diameter of the 

particle, Ss = specific gravity of the particle, qb = volume of sediment transported per second per unit 
width, τ0 = average shear stress, γw = unit weight of water 

𝐺 =  √(
2

3
+

36𝑣2

𝑔𝑑3(𝑆𝑠 − 1)
) − √

36𝑣2

𝑔𝑑3(𝑆𝑠 − 1)

(3) 

𝐺 =  √
2

3
 , when d ≥ 1/6 inch (1.6 mm) 

(4) 

where, v = kinematic viscosity of water (m2/s) 

Steps to calculate bed load using Einstein – Brown equation, 

a. Calculate average bed shear stress using τ0 = γwRS.

b. Calculate G value and check if it is more than 1.6 take G = √2/3.

c. Calculate fall velocity using equation.

d. Calculate the volume of sediment transport per second per unit width using equation.

2. Kalinske’s approach (1947)

To determine the bed load transport rate, Kalinske proposed a rational approach using three 
assumptions. These assumptions are, 

i. For the incipient motion of the particle that is on the bed, a minimum force is required.

ii. The fluid force acting on the bed material fluctuate about the mean value. These fluid forces

can be observed even in the streamline flow due to the pressure rise and fall within the wake
of the particle. Another case of fluctuation fluid force is turbulence nature of mainstream.

iii. Bed load transport rate is the function of number, particle size and average speed of the

particle in motion.

The bed load transport rate equation put forwarded by Kalinske is as follow, 

𝜏𝑜𝑐 = 0.039(𝛾𝑠 − 𝛾𝑓)𝑑  (5) 

Here, d = average particle size (mm) 

𝑞𝑏

𝑑𝑢∗𝛾𝑠
= 2.57

𝑈𝑔

𝑢

(6) 

𝐴𝑙𝑠𝑜,
𝑈𝑔

𝑢
= 𝑓 (

𝜏𝑜𝑐

𝜏𝑜
) (7) 

In the present study, the flow has been assumed to be turbulent as it consists of high stream flux and 
all the hydraulic and bed load and material data have been collected during the monsoon period. So in 
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the present study the value of (
𝑈𝑔

𝑢
) has been selected for turbulent flows only.Monsoon data is used in 

the present study so assumed that the flow is turbulent because the amount of energy flux is very high 
in the river during monsoon.  

For equation, r = 0.25, if the flow is turbulent, and a graphical relation is given between (
𝑈𝑔

𝑢
)  𝑎𝑛𝑑 

(
𝜏𝑜𝑐

𝜏𝑜
). From this curve, the value of (

𝑈𝑔

𝑢
)  can be easily compared for the calculated (

𝜏𝑜𝑐

𝜏𝑜
) as shown 

in the figure 3.1 and r = 0.25, after that by putting the value of (
𝑈𝑔

𝑢
) in the above bed load equation, 

bed load can be computed. 

Figure 2 Variation between (
𝑈𝑔

𝑢
)  𝑎𝑛𝑑 (

𝜏𝑜𝑐

𝜏𝑜
)  (Source: Kalinske, 1947) 

Steps to calculate bed load using Kalinske’s approach. 

1. Calculate bed shear stress and critical shear stress.

2. Calculate ratio of critical shear stress and bed shear stress.

3. Calculate
𝑈𝑔

𝑢
 using figure 3.1. 

4. Calculate shear velocity.

5. Calculate bed load using equation 4.10.

3.2 Suspended Load Calculation 

Daily suspended load data is given to the India – WRIS website. The daily data has to be converted to 
seasonal data for monsoon season i.e. July to October only because for most of the stations they 
measure the suspended load only for monsoon season.  

3.3 Total Load Calculation 

Total load (qt) can be calculated by adding the bed load (qb) calculated from different 

equations and the downloaded suspended load (qs) from the website. Total load will be calculated for 
the average of the bed loads calculated from different approaches. 

𝑞𝑡 =  𝑞𝑏 + 𝑞𝑠 (8)
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3.4 Performance Indices 

For the evaluation of the performance of the results obtained various performance indices are used 

namely Co-efficient of Determination (R2), Root Mean Square Error (RMSE) and Nash – Sutcliffe 
Efficiency (NSE) have been determined. 

1. Co – efficient of Determination (R2)
This performance index indicates the degree of collinearity between the observed and

simulated data and defines the proportion of the variance in the measured data. It ranges

from 0 to 1 with the higher values indicating less error.
2. Root Mean Square Error (RMSE)

It is one of the most commonly used error index for evaluation of a model. The expected

value should come closer to zero for a good result.

RMSE = √∑
(𝑂𝑖−𝑃𝑖)2

𝑁
𝑁
𝑖=1

Where, Oi = the observed value, Pi = the simulated value and N = total observations 

3. Nash – Sutcliffe Efficiency

It defines the comparative magnitude of residual variance compared to the measured data

variance. It designates how well the observed values is in similitude with the predicted
values.

NSE = 1 − [
∑ (𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑝𝑟𝑒

)2𝑁
𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑖

𝑚𝑒𝑎𝑛)2𝑁
𝑖=1

] 

Where, 𝑌𝑖
𝑜𝑏𝑠 = the observed value, 𝑌𝑖

𝑝𝑟𝑒
 = the predicted value, 𝑌𝑖

𝑚𝑒𝑎𝑛 = the mean

observed value, N = total number of observations.

4. Calculation and Validation

The bed load calculated for all the stations namely Degloor, G. R. Bridge, Dhalegaon and Pachegaon, 

using all the approaches are shown in the tables below. The sample calculation for Degloor station is 

shown in the Appendix. 

Table 2 Calculation of Bed Load 

Degloor G.R.Bridge Dhalegaon Pachegaon 

Year 

Einstein - 

Brown 

(kg/s/m) 

Kalinske 

(kg/s/m) 

Einstein 

- Brown

(kg/s/m)

Kalinske 

(kg/s/m) 

Einstein 

- Brown

(kg/s/m)

Kalinske 

(kg/s/m) 

Einstein - 

Brown 

(kg/s/m) 

Kalinske 

(kg/s/m) 

2006 0.387415459 0.663949129 1.696648 1.330103 0.954396 1.007221 0.07812565 0.355815 

2007 1.163777072 1.07557178 3.022532 1.750036 0.396958 0.734433 0.05281765 0.329766 

2008 0.770826013 0.918146084 0.325067 0.584715 3.184436 1.82201 0.06272929 0.34241 

2009 0.167010503 0.406204224 0.449054 0.691374 1.699646 1.365851 0.095181 0.361411 

2010 0.321490659 0.599972074 0.778813 0.897336 2.19548 1.535416 0.08362102 0.362133 

2011 0.466601609 0.700545521 3.547553 1.943843 3.808383 1.991837 0.39832497 0.873012 

2012 0.930113844 1.046767842 5.334019 2.086828 8.032231 2.805211 0.44415671 0.947096 

2013 0.356198657 0.650600187 0.272507 0.55801 3.377215 1.78556 0.27868094 0.684425 

2014 0.4092117 0.623449943 1.830052 1.396135 4.799008 2.233953 0.13436167 0.453047 

2015 1.289274514 1.168769146 8.270364 2.412009 4.303892 2.098679 0.28045281 0.716044 

The total load calculated for all the stations using the three approaches are as shown in the tables 
below. As mentioned previously in the theoretical chapter the total load is calculated by taking the 

sum of the bed load and the suspended load. Also, below the tables, the graphs showing the variation 

in the total load for each station are mentioned. 
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Table 3 Calculation of Total Load 

Degloor G.R.Bridge Dhalegaon Pachegaon 

Year 

Einstein - 

Brown 

(kg/s/m) 

Kalinske 

(kg/s/m) 

Einstein 

- Brown

(kg/s/m)

Kalinske 

(kg/s/m) 

Einstein 

- Brown

(kg/s/m)

Kalinske 

(kg/s/m) 

Einstein - 

Brown 

(kg/s/m) 

Kalinske 

(kg/s/m) 

2006 0.459575 0.736109 2.004256 1.637711 1.123849 1.176674 1.01975163 0.04413 

2007 1.341562 1.253357 3.501302 2.228807 0.476663 0.814138 1.04502736 0.042163 

2008 0.892637 1.111352 0.387724 0.647372 3.667079 2.304653 1.1068835 0.044695 

2009 0.200556 0.43975 0.523622 0.765942 1.964501 1.630706 0.93111951 0.044514 

2010 0.386289 0.66477 0.925876 1.044398 2.545967 1.885903 0.95928573 0.05265 

2011 0.555012 0.788956 4.068233 2.464522 4.447999 2.631453 1.3545026 0.078646 

2012 1.108354 1.113515 4.561356 2.917243 5.238688 4.126317 1.38426155 0.081358 

2013 0.43816 0.732561 0.343021 0.628524 3.980386 2.388731 1.32914455 0.068651 

2014 0.486901 0.701139 2.144708 1.710791 5.586893 3.021837 1.11497531 0.048623 

2015 1.496118 1.375613 9.446491 3.588136 5.06017 2.854957 1.37794358 0.069465 

Below are some graphs shown to give a clear idea about the variation in total load for all the stations. 

Figure 3 Variation of Seasonal total load for Degloor 

Figure 4 Variation of Seasonal total load for G.R. Bridge 
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Figure 5 Variation of Seasonal total load for Dhalegaon 

Figure 6 Variation of Seasonal total load for Pachegaon 

The variation of Total Load at all the stations is shown in the figures above which have been 

calculated using three different approaches. There are some reasons behind the variation shown in the 
results which were obtained using different approaches. The reasons for variation in the results: 

1. The main reason is the difference in the concepts used for deriving the formulae used for the
theories, like Einstein – Brown theory is based on the fall velocity concept and Kalinske’s

theory is based on the fluid force, fluid characteristics like laminar or turbulent, pressure

fluctuation within the wake of the particles, etc..

2. Reason for the bed load variation also depends on the particle characteristics, cohesion and

adhesion force at that station and grain size distribution so at different stations the

characteristics are different at different stations.

4.1 Model Validation 

Below are the graphs in which the validation of the above calculated values of total load is done using 

a fitting curve, in which the discharge is taken in the x-axis and the values of total load is taken in the 
y-axis.
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Figure 7 Mathematical model for Degloor 

Figure 8 Mathematical model for G.R. Bridge 

Figure 9 Mathematical model for Dhalegaon 
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Figure 10 Mathematical model for Pachegaon 

Table 4 Model Validation Table for all the stations 

Approach Year 
Calculated 

(kg/s/m) 

Predicted 

(kg/s/m) 

Percentage 

change 
RMSE NSE 

Degloor 

Einstein - Brown 

2013 0.43816 0.496166 -13.238632

0.01301 0.97105 2014 0.486901 0.513569 -5.4770624

2015 1.496118 1.624862 -8.6052198

Kalinske 

2013 0.732561 0.679064 7.30276812 

0.01128 0.94648 2014 0.701139 0.813569 -16.035282

2015 1.375613 1.378629 -0.2192622

G.R. Bridge 

Einstein - Brown 

2013 0.343021 0.181963 46.9528966 

0.11854 0.96312 2014 2.144708 2.543818 -18.609025

2015 9.446491 8.209953 13.0899216 

Kalinske 

2013 0.628524 0.523433 16.7203017 

0.09384 0.76044 2014 1.710791 1.80759 -5.6581236

2015 3.588136 4.614778 -28.612115

Dhalegaon 

Einstein - Brown 

2013 3.980386 3.883517 2.43366429 

0.09291 0.21497 2014 5.586893 5.265136 5.7591475 

2015 5.06017 4.09056 19.1616083 

Kalinske 

2013 2.388731 2.70758 -13.348067

0.04476 0.76513 2014 3.021837 2.760337 8.65368786 

2015 2.854957 2.582188 9.55422255 

Pachegaon 

Einstein - Brown 

2013 1.329145 1.164841 12.3616275 

0.02316 0.65651 2014 1.114975 0.990838 11.1336129 

2015 1.377944 1.226237 11.0096696 

Kalinske 

2013 0.068651 0.070374 -2.5094161

0.00069 0.79406 2014 0.048623 0.054751 -12.603018

2015 0.069465 0.073574 -5.9147236
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4.2 Result Discussion 

The total load is calculated with the help of the data collected CWC. The important points to be noted 

from this table are: 

1. The total load calculated is highest for the year 2015 in comparison to the other years because
of higher value of discharge due to high rainfall resulting in more erosion of the bed and

hence higher sediment transport.

2. For majority of the stations the higher value of total load was obtained by calculating using
the Einstein – Brown approach followed by the Kalinske approach.

3. The polynomial curve of power 2 was the best fit curve for the preparation of mathematical

model for all the stations because it gave higher value of R2 (Co- efficient of Determination).
4. For Degloor, the value of total load was highest for the year 2015, and the Einstein – Brown

approach gave better results with RMSE = 0.00572 and NSE = 0.98119.

5. For G. R. Bridge, the value of total load was highest for the year 2015, and the Einstein –

Brown approach gave better result with RMSE = 0.11854 and NSE = 0.96312.
6. For Dhalegaon, the value of total load was highest for the year 2015, and the Einstein –

Brown approach gave better results with RMSE = 0.04476 and NSE = 0.76513

7. For Pachegaon, the value of total load was almost the same for all years and the lowest among
the other stations due to the fact that it is in the upstream side of the river.

5. Conclusions

The entire thesis is mainly divided into two parts, modelling of sediment transport using various 
theories which are Einstein – Brown theory and the Kalinske theory. The formulae in those theories 

are used to compute the bed load for 5 different stations namely Degloor, G. R. Bridge, Dhalegaon 

and Pachegaon, for the years 2006 to 2015. After the computation of bed loads using these formulae, 
they were added with the suspended load to obtain the total load. The modelling of the entire 

computed results are done using Microsoft Excel of the results for years 2008 to 2012, and the 
validation of the model was done for the years 2013 to 2015. 

In the thesis, basically the focus was on computing the total load in the Godavari river for different 

stations, but the variation of sediment transport in these stations are also obtained. The study of 

sediment transport is very important for determining the useful age of a dam or a reservoir, so more 
the accuracy of the results more will be precision in predicting the useful age of the structure. 

Moreover, in this thesis the computation of total load for five stations are done, but for better 

understanding of the variation of sediment transport of the entire Godavari basin, many such stations 
can be included which will give us a better understanding the erosion of bed in the Godavari river and 
preventive measures can be taken to prevent excessive scouring due to high flows. 
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Appendix 

Formula 
Year 

𝐺 =  √
2

3

 𝑤 =

𝐺√𝑔𝑑(𝑆𝑠 − 1)

m/s 

𝜏𝑜 =  𝛾𝑤𝑅𝑆

N/m2 

𝑞𝑏

𝑤𝑑

= 40 (
𝜏𝑜

𝛾𝑤𝑑(𝑆𝑠 − 1)
)

3

m3/s/m 

𝑞𝑏(𝑚)
= 2.65 ∗ 𝑞𝑏

∗ 1000 

kg/s/m 

E
in

st
ei

n
 –

 B
ro

w
n
 f

o
r 

D
eg

lo
o
r 

2006 0.816497 0.141331 7.216148 0.000146 0.387415 

2007 0.816497 0.153513 11.30954 0.000439 1.163777 

2008 0.816497 0.148812 9.556518 0.000291 0.770826 

2009 0.816497 0.124584 4.805278 6.3E-05 0.167011 

2010 0.816497 0.138131 6.627622 0.000121 0.321491 

2011 0.816497 0.144308 7.839396 0.000176 0.466602 

2012 0.816497 0.154597 10.56954 0.000351 0.930114 

2013 0.816497 0.141894 7.044865 0.000134 0.356199 

2014 0.816497 0.139595 7.258735 0.000154 0.409212 

2015 0.816497 0.156795 11.95245 0.000487 1.289275 

Formula 

Year 
𝜏𝑜

=  𝛾𝑤𝑅𝑆

N/m2 

𝜏𝑜𝑐

= 0.039(𝛾𝑠

− 𝛾𝑓)𝑑

N/m2 

𝜏𝑜𝑐

𝜏𝑜

Use 

figure 

3.1 

 U* = 

√𝑔𝑅𝑆

m/s 

𝑞𝑏

𝑑𝑢∗𝛾𝑠

= 2.57
𝑈𝑔

𝑢
N.s/m

𝑞𝑏(𝑚)

=
𝑞𝑏

9.81

kg/s/m 

K
al

in
sk

e
 f

o
r 

D
eg

lo
o

r 

2006 7.216148 1.168501 0.161929 0.62 0.084948 6.513341 0.063201 

2007 11.30954 1.378626 0.121899 0.68 0.106346 10.55136 0.069317 

2008 9.556518 1.295482 0.13556 0.672 0.097757 9.007013 0.068502 

2009 4.805278 0.907982 0.188955 0.5982 0.06932 3.984863 0.060979 

2010 6.627622 1.116193 0.168415 0.612 0.08141 5.885726 0.062385 

2011 7.839396 1.218252 0.155401 0.602 0.08854 6.872352 0.061366 

2012 10.56954 1.398161 0.132282 0.675 0.102808 10.26879 0.068807 

2013 7.044865 1.177841 0.167191 0.61 0.083934 6.382388 0.062181 

2014 7.258735 1.139968 0.157048 0.595 0.085198 6.116044 0.060652 

2015 11.95245 1.438201 0.120327 0.689 0.109327 11.46563 0.070234 
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Abstract 

Clogging of drip irrigation emitters is a problem that gradually depletes the discharge from individual emitters 

and thus uniformity of irrigation water application across the farm land. In groundwater irrigation practice, both 

physical suspended particles, dissolved chemicals in water and the bacterial growth cause clogging problems 

during the life of the drip system. In areas where the hardness in groundwater is in excess, the chemical clogging 

problem is noticed more predominantly. Six drip emitters, which were used by farmers for 3-5 years, were 

collected from farm lands in Bhongir district, Telangana for this study. These inline emitters, covered by the lateral 

pipes, were scanned using X-ray Computed Tomography (CT) technique. The 3D images that contain both emitter 

body of polythene material and clogging deposits were analyzed for the relationship between the geometric 

parameters of labyrinth flow paths and intensity of clogging. Deep learning U-net algorithm was used to separate 

and characterize the clogging material of specific density and X-ray attenuation properties from the rest of the 

emitter body. Curvature of the boundaries, width of flow field of the labyrinth flow paths, width of outlet areas 

and diameter of the outlets are the four key geometric parameters that influence the clogging intensity. Based on 

this minute understanding of clogging patterns of cylindrical emitters, a redesign of emitter geometry with 

improved anti-clogging properties is planned for prototyping and further field testing. 

Keywords: emitter clogging; CT imaging; anti-clogging design 

1. Introduction

Drip irrigation systems facilitate application of desired quantity of irrigation water to the plant roots and 

soil in the vicinity without much evaporation and seepage losses. However, gradual clogging of emitters 

causes drip systems suffer from impairment of discharge capacity of individual emitters and uniformity 

of discharge across emitters. The clogging of emitter may occur due to physical, chemical and biological 

factors all attributed to originate from the irrigation water. Dust particles that pass through the screen 

/disk filters; chemical precipitates such as Carbonates of Calcium and Magnesium; compounds of Iron 

and Manganese; and remains of micro-organisms all contribute to emitter clogging. Emitter clogging 

occurs gradually over the years and the extent of clogging increases with usage time of drip systems. 

With poor maintenance attention, these drip systems get clogged early and become unusable. 

Nakayama and Bucks (1991) elaborated on various causal factors of clogging and suggested methods 

of addressing them. They identified physical, chemical and biological properties of irrigation water that 

effectively leads to clogging of emitters and suggested a simple system of hazard rating to irrigation 

water (Nakayama and Bucks 1991:189). BIS (2000) suggested a more elaborate list of 20 chemical and 

physical parameters to be studied to assess the irrigation water for its suitability for use in drip irrigation. 

pH and temperature changes are known to have profound influence on chemical precipitation and 

clogging of emitters. In both these works, presence of excessive Sulfides leading to growth of Sulfide 

bacteria and Iron precipitation has been recognized as a matter of serious concern after the volatile 

Calcium Carbonate (CaCO3) precipitation.      

Of late, emitter flow paths and geometric design was found to play an important role in the extent of 

clogging. Li et al. (2006), Dazhuang et al. (2007), Reethi et al. (2015) and Yang et al. (2020) studied 
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the anti-clogging performance of flat emitters with different geometries, such as, dent angles, spacing, 

height and depth of flow passage. Feng et al. (2018) came out with desirable geometric properties, such 

as boundary optimization of labyrinth flow path, for anti-clogging flat emitters. Li et al. (2019) 

conducted short-duration experiments, with different source waters, on different flat emitter models and 

concluded that anti-clogging performance of emitters improved with increasing average cross-sectional 

flow velocity in labyrinth paths.  

Use of Non-Destructive Testing and Evaluation (NDTE) methods opened up the possibility of much 

closer understanding of the role of emitter geometry in its clogging. Liu et al. (2015) and Liu et al. 

(2018) studied the chemical clogging patterns of drip emitters through physical dissection of clogged 

emitters end of laboratory tests and followed by employing Field Emission Scanning Electron 

Microscope (FESEM). Xiao et al. (2020) used the Computed Tomography (CT) technique to visualize 

the spatial distribution of biofilms on drip emitters and suggested optimum emitter flow channel 

structures. Ramachandrula and Kasa (2020) did a qualitative analysis of clogging material on cylindrical 

emitters using CT, Energy Dispersive X-Ray Fluorescence (EDXRF) and XRD techniques. 

Mapping of the spread and precise quantification of clogging material is helpful to relate it to the emitter 

geometry. Deep learning (DL) tools that use Convolutional Neural Network (CNN) models are 

emerging as useful in segmentation of different materials from CT scan images. Badran et al. (2020) 

demonstrated use of a deep learning procedure of automatic segmentation of fibre-reinforced ceramic 

composites. Bezerra et al. (2020) differentiated pores and cracks in iron ore pellets based on their X-

ray intensity, size and shape information. Lorenz et al. (2020) applied the deep learning model trained 

on one image channel of a cement-based composite on the other and obtained promising results. Ma et 

al. (2020) developed a deep learning CNN model that automatically segments the cracks in oral 

medication tablets in the industrial workflow. Sinchuk et al. (2020) segmented woven composites of 

fibre and polymer materials using different methods including deep learning. 

In the current study, an attempt is made to analyze the emitter clogging patterns in relation to the 

geometry by taking three sets of cylindrical emitter samples from three farm fields. In addition to 

manual intensity thresholding, DL method is also applied to differentiate clogging material the surface 

of drip emitters. Insights are drawn that help to modify the emitter geometry for improved anti-clogging 

properties. 

2. Materials and Methods

2.1 Field sampling of Used Drip Emitters 

A field study was conducted in a group of five contiguous villages in Gundala mandal, Bhongir district, 

Telangana State, India during April 2019. The study made preliminary assessment of drip emitter 

clogging from the perspective of the farmers in the area. Among the 70 drip systems that were 

operational for the past 2 to 10 years, three systems, which were in continuous use since their 

installation, were short-listed. Two emitters from each of the three selected drip systems were sampled 

by cutting the emitters covered with lateral pipes, one from head-end and the other from tail-end of 

randomly selected lateral pipes. These are denoted as ‘emitter assemblies’ to differentiate from the 

‘emitters’ covered by the lateral tube and located inside it. The surface geometric features (indicative) 

of the sample emitters are shown in Figure 1. These sample emitters have different geometric features 

and usage times as given in Table 1. 
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(a) 

(b) 

(c) 

Figure 1 Geometric features of sample emitters (a) set 1, (b) set 2 and (c) set 3 

Table 1 Details of sample drip irrigation systems 

Sample 

Emitters a
Direction of 

flow path b 

Type of 

dents 
Inlet location Outlets 

Years 

of 

use 

Source of 

water c

TDS of 

source 

water 

(mgL-1) 

1-H & 1-T Longitudinal 

Triangular 

(right-

angled) 

Middle of the 

emitter 

2 outlets on 

one side of 

emitter 

4 OW 1230 

2-H & 2-T Transverse Triangular 
On both sides 

of emitter 

2 outlets on 

one side of 

emitter 

5 BW 910 

3-H & 3-T Longitudinal Triangular 
On one side 

of emitter 

4 outlets, 2 

on each side 
3 BW 960 

a ‘H’ indicates ‘Head-end’ and ‘T’ indicates ‘Tail-end’ sample. 
b The direction of labyrinth flow path is indicated with reference to the direction of flow in the lateral tube. 
c OW stands for shallow open well and BW stands for bore well

The sample emitters are coded in the format ‘set number-sample location identifier’. For example, 

sample 1-T means ‘tail-end sample in set 1’ and 3-H meaning ‘head-end sample in set 3’. All three 

sample drip systems used lateral tubes of 16 mm diameter and cylindrical inline emitters at 1.00 m 

spacing. Lateral tubes and emitters are made of low-density poly ethylene material. All sample emitters 

are non-pressure-compensating type with a rated water discharge of 4.00 L h-1. All three sample drip 
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systems have filters of 100 µm size for screening the source water before it enters the lateral tubes. Drip 

system of sample 1 has an additional sand media filter installed before the screen filter.  

2.2 Micro CT Scanning and Image Analysis 

Emitter assembly samples were scanned using GE Phoenix micro CT equipment at a resolution of 42 

µm. 16-bit 3D grayscale images were obtained at the voltage and current settings of 121 kV and 119 

µA respectively. The X-ray beam penetrates the sample and assigns an intensity value, on grayscale, 

for each voxel (volume element) based on its X-ray attenuation property. The intensity values range 

from 0 to 65,536, higher intensity value assigned to higher density voxel having higher X-ray 

attenuation property.  

Dragonfly software ver.2020.1, by Object Research Systems (ORS) Inc., Canada was used to process 

and analyze these images (Figure 2). The scanned images were trimmed of unwanted lateral tube on 

ends and the empty space outside and inside the emitter were removed. The denser clogging material 

appeared in brighter shades in these images. The grayscale look-up table (LUT) was inverted to 

facilitate clear visualization of emitter clogging material with darker shade. To facilitate visualization 

of the entire emitter surface, these cylindrical emitter images were unwrapped as 3D rectangular images. 

While, separation of clogging material and emitter body was done using cylindrical 3D images, 

measurement of various geometric dimensions of emitters was done on the unwrapped 2D sectional 

images. 

Figure 2 Screenshot of image processing using ORS Dragonfly software 

2.3 Application of Intensity Thresholding and Deep Learning Algorithms 

Segmentation is the process of labelling different voxels of the image to different physical materials. 

Two methods of segmentation viz., (i) intensity thresholding and (ii) deep learning (DL) were employed 

on the three sets of sample emitters. The Window Levelling feature in Dragonfly was used for manually 

thresholding the intensities of three distinct materials present in the emitter images – airspace, emitter 

body and clogging material – through visual observation and manual refinement. For implementing DL 

method, the training data was generated by painting manually on a few masked areas of three selected 

XY slices, for each emitter sample image. The DL model used U-net CNN architecture. 32 x 32 pixels 

patch size, 0.5 input-stride ratio and a batch size of 32 were used as key training parameters. 20% of 
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patches were reserved for model validation. The model was trained for 200 epochs to achieve validation 

errors below 5% (Figure 3).  

End of this process, for each method of segmentation two RoIs for each emitter sample corresponding 

to emitter body and clogging material, were generated showing the spread of clogging material on 

various parts of the emitter. From the RoI of clogging material, volume of clogging material was 

quantified for each emitter sample. The RoI of clogging material was artificially coloured and the 

emitter body was shown in partially-transparent grayscale for clear visualization of flow paths. 

Deviation of clogging material volume obtained using DL method with reference to that obtained using 

intensity segmentation method is calculated. Also, the dice similarity coefficient, which is a measure of 

over-lap in pixel intensity values in two images, is obtained using Dragonfly software. 

Measurements of emitter geometric parameters, such as, width of labyrinth flow path, dent height, dent 

angle and flow path depth, were done on the unwrapped slices. 2-3 measurements of these parameters 

were taken at different locations on emitter surface and averaged them for recording purpose. The 

volume of clogging material obtained using two methods was compared. The RoI as well as unwrapped 

images were analyzed with visual observations the spread of clogging material on different parts of the 

emitter surface, such as, inlet areas, labyrinth flow paths and outlet areas. This approach helped not only 

to observe the clogging-proneness of different emitter parts but also to decipher the relationship between 

the geometric properties and clogging extent. 

Figure 3 Graph showing training and validation loss function during DL training 

3. Results and Discussion

3.1. Identification and Classification of Emitter Materials 

Each 3D emitter image contains three distinct materials, viz., airspace, emitter body and the clogging 

material. Airspace has the lowest X-ray intensity values followed by the emitter body and clogging 

material. In this study, all the three materials were segmented but clogging material was studied in 

detail. The intensity values of emitter body material varied widely from 371 to 19,999 for different 

sample images. This could be due to different manufacturers using different quality of poly ethylene to 

manufacture the emitter as well as their prolonged exposure to heat and sunlight in farm fields. 

Observation of intensity histograms and manual intensity thresholding revealed that the clogging 

material has relatively wider intensity range varying from 2338 to 65,045 across the sample emitters. 
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This indicates that the clogging material matrix is a mix of different chemical compounds with varying 

density and X-ray attenuation properties. Clogging of emitters occur over years with gradual flocking 

of particles. This could have resulted in unequal growth of clogging patches at different locations and 

of different densities over the emitter surface.  

Precise identification and separation of clogging material, in terms of its spread on the emitter surface 

as well as volume quantification, is a prerequisite to proceed with establishing the relationship between 

emitter geometry and clogging patterns. The two methods of segmentation applied on each emitter 

sample gave quite similar spread of clogging material on the emitter surface. Figure 5(a) to 5(f) present 

3D and 2D views (in XY plane) of clogging material RoIs segmented using intensity thresholding and 

DL methods for all the six sample emitters.   

These 3D segmented images show that a major portion of the clogging material deposition occurred on 

the outlet areas located on either side of emitters, along the longitudinal axis. In case of sample sets 1 

and 2 with two outlets on one end, much of the clogging material is on that particular outlet area. No 

significant deposition was observed on the dummy outlet area on the other end. The sample set 3, with 

outlets on both ends, is found with larger patches of clogging material on both outlets. Compared to the 

other two emitters, the sample set 2 is having less clogging material deposits on its surface. Thus, despite 

differences in usage time, source water quality and emitter geometry, all the sample emitters are found 

with clogging material deposition predominantly closer to outlets. 

Another interesting finding is that the larger patches of clogging material on the outlet areas are not 

uniformly spread on the outlet area but are confined to the curved surface between two outlets. Further, 

these patches are found only on one-half of the curved surface. A field check on the drip systems from 

which the emitter samples were collected revealed that, the clogging material deposition on one-half of 

the curved surface occurred due to accumulation of residual water during the stop time of drip systems. 

This resulted in settling of physical clogging particles present in water as well as formation of 

precipitates due to the evaporation of residual water caused by prolonged exposed to sunlight. This 

helps to hypothesize that much of the clogging material deposition on emitter flow paths occurred 

during flow time and on outlet areas during the stop time of the drip systems. The residual water that 

remained in outlet areas could have evaporated resulting in speedier deposition of clogging material at 

the bottom of the section, as depicted in the XY sectional images in Figure 5. 
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Intensity Thresholding Deep Learning 

(a) Emitter 1-H

(b) Emitter 1-T

(c) Emitter 2-H

(d) Emitter 2-T

(e) Emitter 3-H

(f) Emitter 3-T

Figure 5 Segmented clogging material in 3D using intensity thresholding and DL methods 

The volume of clogging material obtained for the sample emitters are presented in Table 2. The intensity 

thresholding method involved visual observation and segmenting different materials based on the voxel 

intensity information. The Windows Levelling tool in Dragonfly software has facilitated manual 

adjustment and segmentation of intensity ranges of airspace, emitter body and clogging material. This 

method depended only on intensity information, involved user judgement and was not automatic in its 

implementation. 
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Table 2 Volume of clogging material obtained using two segmentation methods 

Emitter 

sample 

Intensity 

thresholding 

(Mm3) 

DL method 

Volume 

(Mm3) 

Volume 

Deviation 

(%) a 

Dice similarity 

coefficient b 

(%) 

1-H 107.536 100.703 -6.35 0.935 

1-T 55.669 56.508 +1.51 0.672 

2-H 29.661 24.685 -16.91 0.812 

2-T 16.989 18.137 +6.76 0.622 

3-H 104.675 107.647 +2.84 0.932 

3-T 50.575 48.153 -4.79 0.826 

Note: DL method = Deep Learning method 
a Deviation is calculated as a percentage of volume obtained using intensity thresholding method 
b Dice similarity coefficient is obtained by taking the clogging material RoI obtained using intensity thresholding 

method as the ground truth 

The DL method utilized not only X-ray intensity information but also the shape and patterns of clogging 

material particles to segment the clogging material. The quantities of clogging material obtained using 

DL method are found to be consistent to the changes in training data and are closer to that obtained 

using intensity thresholding method. The volume of clogging material obtained using DL method varied 

in close range with that from intensity thresholding method except in case of the emitter 2-H. The dice 

similarity coefficient, varied widely in the range of 0.622 to 0.935. This happened as DL method 

identified and labelled voxels not only based on the intensity values but also based on the size and shape 

of clogging material particles. In absence of a ground truth in a strict sense, it may be concluded that 

both the methods delivered results that are relatively closer to each other. However, DL method is a 

good bet for automatic segmentation of a number of sample images and due to its superior logic in 

identifying and labelling the voxels. 

From Table 2, it is also observed that the quantity of clogging material found on the samples from the 

tail-end of the lateral pipes is lesser compared to that obtained in case of head-end samples. The clogging 

material quantified on both emitter 2-H and 2-T are quite lower compared to the other two sample sets. 

As can be seen from Figure 5(c), the flow paths on the sample 2 are narrower in width, boundaries 

provided with smooth curvature and transverse in flow direction with reference to the flow direction in 

the lateral tube. 

3.2. Geometric Features of Emitters 

The unwrapped emitter images not only revealed the emitter geometry in full-view but also facilitated 

accurate measurements of various geometric dimensions of the sample emitters. Figure 6 present 

selected sectional 2D views of three unwrapped head-end emitters. These images also highlight, in 

color, the clogging material identified using intensity thresholding method. Table 3 presents various 

measurements on the labyrinth flow paths as well as of other geometric features taken on the unwrapped 

sample emitters. Figure 7 schematically depicts these geometric features of a typical emitter. 

(a) (b) (c) 

Figure 6 2D sectional images of unwrapped emitters 
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Table 3 Measurements of emitter geometric features 

Sample 

emitter 

set 

Labyrinth flow path Outlet areas 

b 

(Mm) 

d 

(Mm) 

Ɵ 

(degrees) 

h 

(Mm) 

s 

(Mm) 

L 

(Mm) 

w 

(Mm) 

D 

(Mm) 

c 

(Mm) 

1 1.283 1.0265 36.792 1.129 2.366 157.42 5.856 0.870 1.948 

2 0.884 0.885 64.944 1.257 2.653 134.06 5.523 0.964 2.464 

3 1.720 0.869 38.495 1.574 2.855 153.12 4.794 0.753 1.818 

Note: b = width of flow path; d = depth of flow path; Ɵ = dent angle; h = height of dents; s = spacing between 

dents; L = total length of flow path on its centre line; w = width of outlet area; D = depth of outlet area; c = 

diameter of the outlet hole. 

Figure 7 Schematic drawing showing different geometric features of a typical emitter 

Geometrically, sample set 1 stands out with right-angle shaped dents and inlet located at the middle of 

the emitter. Sample sets 2 and 3 are similar in having multiple but smaller inlets on either side of the 

flow path area. However, these two are different in terms of number of outlets. Further, location of 

outlets apparently influenced the deposition pattern of clogging material. Sample set 3, with outlets on 

both sides, is found to have clogging material deposits on both outlet areas as seen in Figure 5(e) and 

5(f). Sample sets 1 and 3 are similar in the shape of flow path boundary, but sample set 2 has distinct 

smoother curvature compared to 1 and 3. 

The measured cross-sectional area of labyrinth flow path (b x d) is 1.317 Mm2, 0.782 Mm2 and 1.495 

Mm2 for sample sets 1, 2 and 3 respectively. Similarly, the cross-sectional area of outlet areas (w x D) 

is 5.095 Mm2, 5.324 Mm2 and 3.670 Mm2 respectively. In case of sample set 3, it is important to note 

that there are outlets on both ends of the emitters, hence the effective outlet cross-section is twice of 

3.670 Mm2. Sample set 2 stands out with the least cross-sectional area of flow paths, curved boundaries 

as well as shorter length of flow path (L = 134.06 Mm). Further, the diameter of outlet ‘c’ of sample 2 

is larger by 26.5% and 35.5% compared to that of set 1 and 3 respectively. Smaller cross-sectional area 

and shorter flow path could have facilitated preservation of velocity and kinetic energy of clog particles, 

for the given discharge rate, till they reach the outlets. As found by Feng et al. (2018), smoother 

boundaries might have facilitated lesser eddy formation and flow energy dissipation. Larger size of 

outlets of sample 2 could have facilitated excretion of clog particles, but faster evaporation of residual 

water in the outlet areas. This argument is supported by the finding from EDXRF analysis that the 

proportion of chemical clog material is more in sample 2 type emitters (Ramachandrula and Kasa 2020). 

4. Conclusions

The DL method is found to be simple, automatic and consistent in segmenting the gradually forming 

materials, such as clogging material, having a wide range of X-ray intensity values. The amount of 

clogging material found on the outlet areas of different emitter geometries is significantly higher 

compared to that on inlet and labyrinth flow path areas. But, most of the efforts of researchers earlier 

were on optimizing the design of labyrinth flow paths. The two-phase flow of water that enters the 
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outlet areas is quickly dissipating its energy due to sudden enlargement in terms of cross-section of the 

outlets. In this process the physical particles could lose their kinetic energy leading to accumulation in 

the outlet areas. Chemical clogging appears to be happening during stop time of the drip systems. 

Residual water that remained in outlet areas gets evaporated through the outlets with prolonged 

exposure to sunlight leaving behind chemical precipitates. Curtailing the width of outlet areas and larger 

outlet diameter might help in increased kinetic energy of physical particles and result in their enhanced 

excretion along with water. This could also result in lesser formation of chemical clogging precipitates. 
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Abstract 

Open canals are the major conveyance system for delivering water in most of the irrigation projects. The cost of 

these irrigation projects mainly depends on the length and cross-section of the open canals. An economic canal 

section is the one which require the smallest amount of total construction cost. So, the design of open canals 

should be carried out on optimization basis to determine the minimum construction cost with optimum channel 

dimensions to deliver the required discharge under uniform flow condition in the canal. The total cost of 

construction of the canal includes excavation cost and surface lining cost and it is mainly dependent on the 

channel dimensions. Considering the data of Sukla Irrigation Project, two nonlinear optimization models, one for 

rectangular channel section and the other for trapezoidal channel section are prepared. The objective function for 

both the models is the total minimum cost of construction per unit length. The models are then solved in 

Microsoft excel solver platform considering various constraints to obtain the minimum cost of construction per 

unit length of the channel and minimum dimensions of cross sections. 

Keywords: Canal section Optimization; Sukla Irrigation Project; Microsoft excel solver. 

1. Introduction

Canals are the most important and major element for delivering water in an irrigation system. A 

substantial amount of investment is required depending on its length and cross-section. Proper 

designing and planning, which result in an optimal cost, therefore is of greatest importance in 

determining the economy of the project. The total cost of construction of the canal includes excavation 

cost and surface lining cost and it is mainly dependent on the channel dimensions. An open channel 

section having minimum area or least wetted perimeter for a given rate of flow, roughness coefficient 

and longitudinal slope is considered as the most economic channel section as it involves least amount 

of earth work and least lining surface. So, design of open channel is required to determine the 

optimum dimensions of the canal and to construct the canal section with optimum cost to deliver the 

required discharge under uniform flow condition in the canal. A canal may be a rigid boundary (lined) 

canal and a mobile boundary (unlined) canal. Lined canal is considered for designing as the lined 

canal permits higher velocity and the cross sectional area required by lined canals is less for a specific 

discharge. Again the maintenance cost for lined canals is very less compared to unlined canals. The 

various parameters required to consider for designing are: (1) the roughness coefficient which is 

dependent on the material of lining; (2) the minimum permissible velocity to avoid deposition of silt 

and debris; (3) the maximum permissible velocity to avoid erosion in the channel surface; (4) bed 

slope and (5) hydraulic efficiency of the channel section. (6) Froude number to maintain subcritical 

velocity. 

Chow (1959) listed various properties for most hydraulic efficient channel section. For a rectangular 

channel, if the depth is half of the width of the channel, it is hydraulically most efficient and if 

hydraulic radius is half of the depth of the channel and half of the top width is equal to length of one 

slanting side, it is most economic trapezoidal channel. Swamee et al. (2000) developed a model for 

comprehensive design of Minimum cost Irrigation Canal Section. In their model they considered the 

material forming canal section, minimum permissible velocity to avoid silting, limiting velocity to 

avoid erosion, hydraulic efficiency of channel section and the topography of the channel route to fix 

the bed slope. Bhattacharjya (2006) developed an optimization model for optimal design of open 

channel section incorporating critical flow condition. He developed a methodology to determine the 

cost effective channel section considering subcritical condition to avoid severe undulation of the water 

surface in the channel. Bhattacharjya and Satish (2007) developed a new methodology to design a 
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stable and optimal channel section by using hybrid optimization techniques. Hameed (2010) used 

direct search optimization method by using MATLAB to solve the resulting channel optimization 

models for a specific flow rate, roughness coefficient and longitudinal slope and used his model in 

round bottom Triangular channels. 

In the present study considering the data of Sukla Irrigation Project, two nonlinear optimization 

models, one for rectangular channel section and the other for trapezoidal channel section are prepared. 

The objective function for both the models is the total minimum cost of construction per unit length. 

The models are then solved in Microsoft excel solver platform considering various constraints to 

obtain the minimum cost of construction per unit length of the channel and minimum dimensions of 

cross sections. 

2. An Overview of Sukla Irrigation Project

Sukla Irrigation project is located in Baksa district of Assam (figure 1) and one among the districts of 

Bodoland Territorial Area District. The headwork of the project has been created on a diversion 

channel of Sukla river close to village Naokata near Goreswar at Latitude: 26
o
38'20"N and Longitude: 

91
o
44'15" E. The unlined canal system of the Sukla Irrigation Project contains two main canals D1 and

D2 directly embark from the regulator. Main canal D1 irrigates areas within the west of Baihata 

Chariali-Naokata-Goreswar PWD road and the opposite distributary D2 provides water on the east of 

the PWD road. The main canal D1 has 12 branch canals and the main canal D2 has a total of 5 branch 

canals. There are a total of 4 distributaries in the branch canals of D2. The schematic layout of the 

canal system is shown in figure 2. 

Figure 1 Location map of Sukla Irrigation Project. 
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Figure 2 Schematic layout of Sukla Irrigation project 

The design discharge of the canal system is 24.42 m
3
/s which is 75% dependable discharge calculated 

at Sukla headwork. The detail length of canal system, its designation and command area under each 

canal and required discharge by each canal of Sukla Irrigation Project is provided in Table 1. 

Table 1 Length, Command area and discharge required by the canal system of Sukla IP. 
Name 

of 

canal 

Designation Length 

(Metre) 

Bifurcation point at 

Chainage 

(Metre) 

Command 

Area 

A 

(Hectare) 

Fraction 

Of 

Command 

Area 

(A/    

Discharge 

required by 

the canal 

A/∑Ax24.4 

(m3/s) 

Main D1 28800 1920 0.167 4.077 

M1D1 5974 4042.00 of D1 200 .017 0.425 

M2D1 2530 8107.68 of D1 645 0.056 1.370 

Branch M3D1 4980 9418.32 of D1 234 0.020 0.497 

M4D1 1219 10271.76 of D1 176 0.015 0.374 

M5D1 2225 10911.84 of D1 232 0.020 0.493 

M6D1 6839.71 14295.12 of D1 686 0.060 1.457 

M7D1 1584.96 14295.12 of D1 48 0.004 0.102 

M8D1 3780 19720.56 of D1 659 0.057 1.399 

M9D1 2316 20878.80 of D1 262 0.023 0.556 

M10D1 2621 22920.96 of D1 234 0.020 0.497 

M11D2 914 23032.20 of D1 90 0.008 0.191 

M12D1 1524 24932.64 of D1 128 0.011 0.272 

Main D2 31700 2120 0.184 4.502 

M1D2 5090 7943.00 of D2 730 0.063 1.550 

M2D2 13716 12954.00 of D2 1280 0.111 2.718 

Branch M3D2 3658 19933.92 of D2 440 0.038 0.934 

M4D2 3870.96 26365.20 of D2 265 0.023 0.563 

M5D2 1402 27096.72 of D2 215 0.019 0.457 

Distributary S1M2D2 1798 6492.24 of M2D2 486 0.042 1.032 

S1M3D2 1610 201.17 of M3D2 110 0.010 0.234 

S2M3D2 1829 1188.72 of M3D2 194 0.017 0.412 

S3M3D2 1524 2042.16 of M3D2 146 0.013 0.310 

Total= 11500 1 
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3. Problem formulation

Consider a rectangular channel section as shown in the figure 3. The Manning’s roughness coefficient, 

flow depth, width of the channel, thickness of canal lining and free board of the channel are (n, Y, B, 

t, f). Cement concrete is used as a lining material; hence roughness coefficient for cement concrete is 

used.  

Figure 3 Rectangular channel cross-section 

Let Af and Pf are the cross sectional area and wetted perimeter of the channel with free board f. 

Af= B(Y+f)         (1) 

Pf= B+2(Y+f)       (2) 

Similarly A, P, R, T, D,V and Fr are the area, wetted perimeter, hydraulic radius, top width, hydraulic 

depth, velocity of flow in the channel and Froude’s no of the channel without freeboard. These 

parameters can be written as 

A=B x Y  (3) 

P=B+2Y  (4) 

T=B  (5) 

D=A/T  (6) 

R=A/ P  (7) 

Fr=V/√gD   (8) 

Now, consider a trapezoidal channel section as shown in the figure 4 with Manning’s roughness 

coefficient ‘n’, flow depth ‘Y’, width of the channel ‘B’, thickness of canal lining ‘t’ , free board ‘f’ 

and side slope in the ratio of 1:Z (V:H) = 1:1 on both the sides. 

Figure 4 Trapezoidal Channel Cross-section 

Let Af and Pf are the cross sectional area and wetted perimeter of the channel with free board f. 

Af= (B+Z(Y+f)) x (Y+f)     (9)
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 (10) 

Similarly A, P, R, T, D, L, V and Fr are the area, wetted perimeter, hydraulic radius, top width, 

hydraulic depth, length of slanting side, velocity of flow and Froude’s no of the channel without 

freeboard. These parameters can be written as 

The free board (f) value for both the section is considered as per IS: 10430-1982. The thickness for 

canal lining is considered as per Table 2. 

Table 2 Thickness of canal lining 
Sl No Discharge(m

3
/s) Thickness (cm) 

1 >5 7 

2 2-5 6 

3 <2 5 

The Manning’s equation for uniform flow in a open canal is written as follows- 

 (18) 

Where, Q=design discharge, S= longitudinal slope of canal. The discharge required by each canal is 

calculated on the basis of command area covered by the canal and is provided in Table 1. The design 

of canal of an irrigation network is always done from the tail end of the canal network as the main 

canal need to carry the discharge required by the branch canals also. Due to long distance, main canals 

and branch canals containing distributary are designed as various sub-sections. The design discharge 

of canal sections of main canal D1and D2 are provided in Table 4 and Table 6 and the design discharge 

of branch canals and distributary are given in Table 5, Table 7 and Table 8 respectively. 

The longitudinal slope of various main canal sections is provided in Table 3 and slope for branch 

canals and distributaries is considered as 1 in 2800. 

Table 3 Longitudinal slope for various main canal sections of Sukla IP 
Canal Chainage Slope Canal Chainage Slope 

D1 0.00m to 14295m 1 in 4000 D2 0.00m to 7943m 1 in 4100 

14295m to 22920m 1 in 3800 7943m to 12954m 1 in 4100 

22920m to 23032m 1 in 3100 12954m to 26385m 1 in 4000 

23032m to 24932m 1 in 3000 26385m to 27096m 1 in 3000 

24932m to 28811m 1 in 2800 27096m to 31700m 1 in 3000 

Pf= B+ (2(Y+f)√1+z 2  )
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4. The Nonlinear Optimization Model

4.1 Objective Function: 

The objective function of the Nonlinear Programming (NLP) model consists of cost of excavation and 

cost of lining to minimize the total cost of construction of the canal system of Sukla Irrigation project.  

For the rectangular canal section, 

Minimize Cost = Cost of excavation + Cost of lining 

 = C1 x Cross-sectional area of the canal+ C2 x Cross sectional area of lining 

Minimize Cost = [C1 x {B x (Y+f)}] + [C2 x {B+2(Y+f)} x t]          (19)        

For the trapezoidal canal section, 

Minimize Cost =Cost of excavation + Cost of lining 

 = C1 x Cross-sectional area of the canal+ C2 x Cross sectional area of lining 

Where, C1 = Cost of excavation per cubic meter. 

 C2 = Cost of lining per cubic meter. 

 Z=1 (Side slope for trapezoidal section is considered 1:1) 

The values of C1 (Item no. 6.1(A)) and C2 (Item no. 18.4) are taken as per Schedule of rates for the 

year 2019-20 of the Irrigation department of Govt. of Assam. 

4.2 Constraints: 

The various constraints of the optimization model are listed below: 

i. Discharge in the canal: The discharge calculated from Manning’s formula for the canal is greater

than or equal to the design discharge for the canal.

ii. Froude number: The Froude number calculated for the canal section should be less than 1(one) to

maintain the subcritical flow condition and to avoid hydraulic jump in the canal.

iii. Condition of most economic canal section: The condition for most economic rectangular canal

section is Y=  . So, B=2Y is considered as a constraint to get the most economical canal section. For 

trapezoidal channel if hydraulic radius is half of the depth of the channel and half of the top width is 

equal to length of one slanting side, it is considered as most economic channel section. So, R=  and 

L=  are considered as constraint for trapezoidal section. 

iv. Width of the channel: The width of the channel cannot be negative, i.e. B > 0. Considering the

construction point of view, let the minimum width of the channel be 0.1m.

v. Depth of the channel: The depth of the channel cannot be negative i.e. Y > 0. Let the minimum

depth of the channel be 0.1m.

vi. Limiting velocity: The limiting velocity for the canal is considered as per IS: 10430-1982 and for

cement concrete lining it is 2.7 m/s.

vii. Critical velocity: According to IS: 10430-1982, the critical velocity obtained by any formula

should be less than the velocity of the canal obtained by Manning’s formula. The critical velocity
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obtained by Kennedy’s formula i.e. V0= 0.546 X D
0.64

 should be less than the velocity in the canal

obtained by Manning’s formula. 

viii. Top width:  Maximum top width for main canal and branch canal are 5m and 3m respectively for

rectangular section and 7m and 5m respectively for trapezoidal section.

4.3 Variables: 

The optimization model is subjected to two variables. They are: i. Bed width of the canal. ii. Depth of 

the canal 

5. Result and Discussion

The nonlinear optimization model is implemented for the canal network of Sukla IP and optimum 

dimensions and optimum construction cost for the canal sections per running meter is obtained. The 

optimum dimensions and optimum construction cost for main canal D1 and branch canals of D1 are 

given in Table 4 and Table 5 respectively. For sections of main canal D2, branch canals of D2 and 

distributaries of D2, optimum dimensions and optimum construction cost are provided in Table 6, 

Table 7 and Table 8 respectively. The total minimum construction cost for the whole canal system 

considering rectangular section will be Rs. 50,65,06,314.00 (Rupees Fifty Crore Sixty Five Lakh Six 

Thousand Three Hundred and Fourteen only) and for trapezoidal section it will be 53,59,67,065.00 

(Rupees Fifty Three Crore Fifty Nine lakh Sixty Seven Thousand and Sixty Five only) . 

Table 4 Optimum dimensions and optimum cost of construction for main canal D1 
Sl 

no 

Name Discharg

e 

(m
3
/s) 

Rectangular Section Trapezoidal Section 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

1 D1 from 

chainage 

0.00m to 

4024m 

11.709 4.524 2.262 7585.19 1.938 2.339 8011.31 

2 D1 from 

chainage 

4024m to 

8107m 

11.284 4.462 2.231 7463.80 1.911 2.307 7890.16 

3 D1 from 

chainage 

8107m to 

9418m 

9.915 4.250 2.125 6793.95 1.821 2.198 7066.97 

4 D1 from 

chainage 

9418m to 

10271m 

9.418 4.169 2.085 6642.49 1.786 2.156 6916.81 

5 D1 from 

chainage 

10271m to 

10911m 

9.044 4.106 2.053 6525.06 1.759 2.123 6801.36 

6 D1 from 

chainage 

10911m to 

14295m 

8.551 4.021 2.010 6369.10 1.723 2.079 6645.72 

7 D1 from 

chainage 

6.993 3.693 1.847 5779.70 1.582 1.910 6061.06 
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14295m to 

19720m 

8 D1 from 

chainage 

19720m to 

20878m 

5.593 3.396 1.698 5263.91 1.455 1.756 5549.18 

9 D1 from 

chainage 

20878m to 

22920m 

5.037 3.266 1.633 5042.00 1.399 1.689 5328.87 

10 D1 from 

chainage 

22920m to 

23032m 

4.540 3.023 1.512 4012.87 1.295 1.563 4209.83 

11 D1 from 

chainage 

23032m to 

24932m 

4.349 2.957 1.478 3914.50 1.267 1.529 4112.28 

12 D1 from 

chainage 

24932m to 

28811m 

4.077 2.849 1.424 3756.96 1.220 1.473 3956.03 

Table 5 Optimum dimensions and optimum cost of construction for branch canals of D1 
Sl 

no 

Name Discharge 

(m
3
/s) 

Rectangular Section Trapezoidal Section 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

1 M1D1  0.425 1.220 0.610 1236.27 0.523 0.631 1321.75 

2 M2D1 1.37 1.893 0.946 2135.69 0.811 0.979 2330.05 

3 M3D1 0.497 1.294 0.647 1307.95 0.554 0.669 1392.29 

4 M4D1 0.374 1.163 0.582 1181.48 0.498 0.601 1267.82 

5 M5D1 0.493 1.290 0.645 1304.12 0.553 0.667 1388.52 

6 M6D1 1.457 1.937 0.968 2185.93 0.830 1.002 2380.28 

7 M7D1 0.102 0.715 0.357 772.91 0.306 0.369 865.54 

8 M8D1 1.399 1.904 0.954 2152.61 0.804 0.970 2311.77 

9 M9D1 0.556 1.350 0.675 1362.68 0.578 0.698 1446.15 

10 M10D1 0.497 1.294 0.647 1307.95 0.554 0.669 1392.29 

11 M11D1 0.191 0.9040 0.452 940.79 0.387 0.467 1030.88 

12 M12D1 0.272 1.032 0.516 1058.24 0.442 0.534 1146.51 

Table 6 Optimum dimensions and optimum cost of construction for main canal D2 
Sl 

no 

Name Discharg

e 

(m
3
/s) 

Rectangular Section Trapezoidal Section 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

1 D2 from 

chainage 

0.00m to 

12.711 4.687 2.344 7906.59 2.008 2.424 8332.01 
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7943m 

2 D2 from 

chainage 

7943m to 

12954m 

11.161 4.464 2.232 7468.30 1.912 2.308 7849.66 

3 D2 from 

chainage 

12954m to 

19933m 

7.411 3.811 1.905 5989.05 1.633 1.971 6268.76 

4 D2 from 

chainage 

19933m to 

26385m 

5.521 3.413 1.706 5291.63 1.462 1.765 5576.7 

5 D2 from 

chainage 

26385m to 

27096m 

4.958 3.106 1.553 4135.75 1.330 1.606 4331.67 

6 D2 from 

chainage 

27096m to 

31700m 

4.502 2.995 1.498 3971.41 1.283 1.549 4168.72 

Table 7 Optimum dimensions and optimum cost of construction for branch canals of D2 
Sl 

no 

Name Discharge 

(m
3
/s) 

Rectangular Section Trapezoidal Section 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

1 M1D2  1.55 1.982 0.991 2238.00 0.849 1.025 2432.32 

2 M2D2 

from 

chainage 

0.00m to 

6492m 

3.75 2.761 1.380 3630.16 1.183 1.428 3830.25 

3 M2D2 

from 

chainage 

6492m to 

13716m 

2.718 2.447 1.223 3189.59 1.048 1.265 3393.04 

4 M3D2 

from 

chainage 

0.00m to 

201m 

1.89 2.135 1.068 2416.17 0.915 1.104 2610.33 

5 M3D2 

from 

chainage 

201m to 

1189m 

1.656 2.032 1.016 2295.47 0.870 1.051 2489.74 

6 M3D2 

from 

chainage 

1189m to 

2042m 

1.244 1.825 0.913 2059.97 0.782 0.944 2254.35 

7 M3D2 

from 

chainage 

0.934 1.639 0.820 1657.52 0.702 0.848 1736.25 
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2042m to 

3658m 

8 M4D2 0.563 1.356 0.678 1368.96 0.581 0.701 1452.33 

9 M5D2 0.457 1.254 0.627 1268.87 0.537 0.648 1353.83 

Table 8 Optimum dimensions and optimum cost of construction for distributaries. 
Sl 

no 

Name Discharge 

(m
3
/s) 

Rectangular Section Trapezoidal Section 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

Optimum 

Width 

B 

(m) 

Optimum 

Depth 

Y 

(m) 

Optimum 

cost of 

construction 

per running 

meter 

(Rupees) 

1 S1M2D2 1.032 1.702 0.851 1923.18 0.729 0.880 2117.53 

2 S1M3D2 0.234 0.976 0.488 1005.95 0.418 0.504 1095.03 

3 S2M3D2 0.412 1.206 0.603 1222.65 0.517 0.624 1308.35 

4 S3M3D2 0.31 1.084 0.542 1106.68 0.464 0.561 1194.19 

5. Conclusion:

This paper presents two nonlinear optimization models, one considering rectangular section and other 

considering trapezoidal section for optimal design of Sukla Irrigation Project which is located in 

Baksa district of Assam, India. The optimization models for both the section are then solved in 

Microsoft excel solver GRG Nonlinear engine and minimum cost of construction for the whole canal 

system of Sukla IP is obtained. The most economical canal dimensions are also determined. It is 

observed that researchers are using complex optimization techniques to obtain the most economical 

canal cross sections. For practicing field engineers, available time for a project is always short.  The 

complex optimization techniques also require proper knowledge about system analysis techniques and 

handling of paid software like MATLAB, etc.; which may not be available in the concerned division 

of the implementing agency. The main objective of this work is to demonstrate how simple 

optimization algorithm can be used with easily available MS Office Excel platform so that field 

engineers can easily design the most economical canal cross section in least time with easily available 

resources. 
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Abstract 

Evaluating water use efficiency of irrigation projects are important, keeping in view that many of the irrigation 

projects in Kerala started during 1950s and 1960s. The study on water use efficiency of Malampuzha Irrigation 

Project is very important, as Malampuzha is the largest reservoir in Kerala, which caters irrigation water to large 

area. Malampuzha, commissioned during 1955 has a culturable command area of 22554 ha. The overall efficiency 

of the irrigation project is estimated as the product of the four efficiencies, reservoir-filling efficiency, conveyance 

efficiency, on farm application efficiency and drainage efficiency, as per the guidelines of Central Water 

Commission. Reservoir Filling Efficiency is estimated as the ratio of maximum live storage attained in the 

reservoir in a particular year to the design live storage of the reservoir. Conveyance efficiency is defined as the 

ratio of water delivery at the inlet to the block of fields to water released at the project head works. On-farm 

application-efficiency is the ratio of the crop water requirement for various crops for which the project provides 

water for various crops from the outlets of canal system. Drainage Efficiency is a measure of the amount of water 

draining from the root zone actually collected and discharged by the drains. Reservoir efficiency is estimated from 

the reservoir operation data, inflow estimated using inflow-outflow method. For conveyance efficiency, intense 

field survey was conducted to measure velocity and cross section of canals for about 10% of the total length of 

the canals. On farm application efficiency consists of two parts; conveyance efficiency of field channels and on 

field water application efficiency, which account for the loss from the field by deep percolation and leaching. 

When compared with the landuse map of different area, it was found that some paddy area is converted to urban 

and plantation crops. This study gives the four efficiency separately, so that suggestions can be made for 

improving the efficiency more accurately. 

Keywords: Water use efficiency, irrigation project, conveyance loss, Malampuzha 

1. Introduction

The concept of water use efficiency dates back to 1920s. This is very important factor for the study of 

performance of the irrigation system to a farm, basin or ayacut area (Howell, 2003).  It was defined as 

the ratio of the evapotranspiration requirement of the crop during the cropping period to the quantity of 

water delivered to the farm during the same period (Hansen, et al., 1979).     Later many modifications 

originated for the definition of overall efficiency. Water use efficiency is the ratio of irrigation water 

stored in the soil to the water available for consumptive use for crops (MI, 1984). Wang et al. (1996) 

define a general irrigation efficiency as the ratio of crop transpiration to the volume of the applied water 

and deficit.  

Most relevant indices are reservoir storage efficiency, conveyance efficiency, and application 

efficiency. Reservoir storage efficiency is defined by the ratio of water available for irrigation to the 

water delivered to the reservoir i.e. inflow to the reservoir. Water conveyance efficiency is the ratio of 

water delivered by the conveyance system to the water delivered to the conveyance system at the supply 

head. Water application efficiency is the volume of irrigation water required to meet the 

evapotranspiration need of crops plus that necessary for maintaining the permissible salt content in the 

soil to the volume of water delivered to the field. The product of these efficiencies (Jensen, et al., 1967) 

finds the overall efficiency. 

Few studies were reported on the application of these indices through field-oriented investigations. A 

study reports the total irrigation efficiency was 29.7, 36 and 43.8% in 3 decade’s 1992-2001, 2002-

2011, and 2012-2015, respectively in Iran (Abbasi et al. 2017). The present study explores the 

performance of Malampuzha Irrigation project using various indicators such as reservoir filling 
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efficiency, conveyance efficiency, on farm application efficiency and drainage efficiency and thereafter 

the overall efficiency.   

2. Study area

The Malampuzha Project consists of a masonry dam across Malampuzha, the stream lies between 

longitude 76°30' and 76°42' and latitude between 10°40' and 10°55', a tributary of Bharathapuzha River 

(Figure 1).  Malampuzha reservoir is the largest reservoir in Kerala that irrigates an area of 21165 ha 

through a network of canals starting from the left main canal (LBC) and the right main canal (RBC). 

The catchment area of the Malampuzha dam is 147.63 km2. Table 1 shows the salient feature of Dam. 

Agriculture is one of the main sources of income to the farmers of this area and paddy is the main 

cultivation. The first paddy crop. Kharif (Virippu) mainly depend on monsoons. The irrigation is 

required in the command area for the second crop, Rabi (Mundakan) and for third crop, summer 

(Puncha). 

Table 1 Salient features of Malampuzha Dam 

General Feature 

River Bharathapuzha 

Nearest Town Palakkad 

District Palakkad 

Year of commissioning 1955 

Hydrology 
 

Mean annual rainfall (last 10 years) 2240 mm 

South West monsoon(June-Sept) 1619 mm 

North East monsoon(Oct-Dec) 367 mm 

Maximum annual rainfall (2007) 2815 mm 

Minimum annual rainfall (2016) 1328 mm 

Actual mean annual inflow  207 Mm3 

Design Flood 849.500 m3/s 

Maximum flood discharge 12.368 Mm3 

Observed minimum dry weather flow  0.013 Mm3 

Total catchment area 147.63 km2 

Reservoir 
 

Dam Type Straight gravity rubble dam 

Length of masonry dam 1849 m 

Height of masonry dam 38.10 m 

Total length of earthen dam 222.2 m 

Full reservoir level 115.06 m 

Maximum Reservoir level 115.06 m 

Minimum Draw Down level (MDDL) 91.440 Mm3 

Water spread area 22.78 km2 

Storage capacity at FRL (Gross storage) 226 Mm3 

Dead storage up to MDDL 2.4 Mm3 

Live storage 223.600  Mm3 

Foundation Level 83.65 m 

Spillway Dam 
 

Type Ogee 

Crest level 110.50 m 

Length 55.0 m 

Number of gates 4 

Size 10.97 mx 4.57 m 
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Figure 1 Catchment and command area of Malampuzha Irrigation project 

3. Materials and Methods

The study estimates the overall efficiency of the irrigation project. For this, the secondary data on 

reservoir operation is obtained from Irrigation Department, Government of Kerala, the data includes 

daily reservoir storage, outflow from the reservoir in the form of spillway discharge and canal discharge. 

The study required climate data, which is collected from Regional Agricultural Research Station, 

Pattambi. The period of the data is 10 years from 2007 to 2017. We measured the velocity and wetted 

area of the canals and field channels during the irrigation period, November to February.    

The overall efficiency is computed as given below 

WDWfWcWrWp ***  (1) 

where Wr = Reservoir filling efficiency, Wc = Conveyance efficiency, Wf = On-Farm application 

efficiency and WD = Drainage efficiency. The reservoir filling efficiency is the ratio of the maximum 

live storage attained in a particular year to the design live storage of the reservoir. We estimated 

maximum live storage obtained in each month and the maximum live storage to the design live storage 

gives the reservoir filling efficiency. 

Conveyance efficiency is defined as the ratio of water delivery at the inlet to the block of fields to water 

released at the project head works. The conveyance efficiency depends on the length of the canals, soil 

type and condition of the canal.  Ten percent of the total length of main, branch, distributaries and sub 

distributaries are considered for observing the conveyance loss and thereby conveyance efficiency.  The 

conveyance loss was observed using inflow-outflow method; velocity is measured using current meter 

and flow meter. The field observations were conducted at around the mid-day of rotation period for 

10% of the canals. The conveyance loss factor is worked out based on the method in IS-9452-2 and is 

as follows. If Q1 and Q2 are the discharges at the inflow and outflow respectively. Q3 is the withdrawal 

at the distance L1 and Q4 is the inflow to the canal at a distance (L1+L2) from the inflow end. If the S 

is the seepage loss in m3/s per million square meter of wetted area, the losses at various reaches are 

worked out as follows (ISI, 1980). 

Loss in Reach I = q1 = A1S 
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Loss in Reach II = q2 = A2S 

Loss in Reach III = q3 = A3S 

A1, A2, and A3 are wetted area 

Then total loss   =  2431321 QQQQqqq   (2) 

From the above equations, the value of S that is the average seepage in m3/s per million square meter 

of wetted area can be worked out. 

On-farm application-efficiency may be worked out as the ratio of the crop water requirement for various 

crops for which the project provides water for various crops from the outlets of canal system. The loss 

in the field channels may made by inflow/outflow method. The on farm field efficiency has two 

components. WF1: watercourse/ field channel efficiency, which accounts for the transit loss WF2: on-

field water application efficiency, which account for the loss from the filed by deep percolation and 

leaching. The on farm application efficiency (WF) is 

21xWFWFWF  (3) 

For computing WF2, the ratio of water supply to the field and field irrigation requirement is worked 

out. The field irrigation requirement (FIR) is net irrigation requirement plus losses in water application 

(MI, 1984). Equation 4 gives the calculation of FIR.   

1WF

NIR
FIR  (4)

where FIR is field irrigation requirement, NIF is the Net irrigation requirement and WF1 is the field 

channel efficiency. Net irrigation water requirement (NIR) is the depth of irrigation water, exclusive of 

precipitation and soil moisture that is required for consumptively for the crop growth and for losses 

such as leaching and percolation (MI, 1984). It is expressed in millimeters per year or in m3/ha per year. 

It depends on the cropping pattern and the climate (FAO). Net irrigation requirement (NIR) is estimated 

as 

Re PETcNIR (5) 

where P is percolation loss and Re is Effective rainfall, ETc is the crop evapotranspiration. 

KcxEToETc  (6) 

where ETc is crop evapotranspiration, Kc is crop coefficient and ETo is reference evapotranspiration 

(CWC, 2014). We estimated the reference evapotranspiration (ETo) using Penmann Montieth method 

in CROPWAT.  

4. Results

The reservoir filling efficiency, conveyance efficiency, on farm filling efficiency were computed for 

the reservoir, thereafter the product of these indicators gave the overall efficiency. Each efficiency is 

described in the following sections. 

4.1 Reservoir Filling Efficiency 

We estimated the Reservoir filling efficiency for the period from 2007-08 to 2016-17. The reservoir 

filling efficiency is more than 90% in most years; the highest filling efficiency is in 2014-15 (99.11%). 

Government declared 2016 as a drought year, the rainfall was less than the normal rainfall, and the 

reservoir filling efficiency is only 42.31%. If we remove the extreme event year, 2016, and take the 

average, the reservoir filling efficiency becomes 87.72%. The average reservoir filling efficiency by 
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taking all years is 83.18% for Malampuzha reservoir. The original capacity of the Malampuzha 

Irrigation Project is 226 MCM. The study conducted by Centre for Water Resources Development and 

Management, Kozhikode in 2009 shows that the capacity of reservoir is 205.19 MCM, reducing the 

capacity by 20.81 MCM. The study conducted by the Kerala Engineering Research Institute (KERI) in 

2013 shows that the capacity of the reservoir is reduced considerably and the accumulated silt in the 

reservoir is 28.62 Mm3. The reservoir efficiency calculation does not reflect the change in storage as 

daily storage is extracted from the design elevation-capacity curve. Therefore, the elevation-capacity 

curve need to be revised to understand the original storage.   

Figure 2 Reservoir Filling Efficiency of Malampuzha Irrigation Project 

4.2 Conveyance Efficiency 

In Malampuzha command area, the irrigation period is from November to February. The quantity of 

canal withdrawals during this period is in the range from 113.61 MCM to 181.41 MCM; without 

considering the drought year 2016 when the withdrawal is only 61.64 MCM.  The average canal 

withdrawal from the dam for 10 years is 139.75 MCM. As 2016 is declared as drought year, omitting 

2016, we get the average canal withdrawal as 148.43 MCM. At each canal, conveyance loss was 

observed for the parts of canals with old cement concrete (cc) lining, new cc lining, RR masonry and 

unlined (Figure 2a). It was observed that unlined portion has high percent of conveyance loss compared 

to the lined portion. At some canals, loss is very high especially in RR masonry and old cc lining, more 

than unlined portion. The canals are constructed during 1950s when the dam is commissioned, and 

therefore, the age-old lining may have leakage.  

The conveyance loss was measured for 10% of the total length of the canals; main canal, branch, 

distributary and sub distributaries and subsequently conveyance loss factor. Based on the conveyance 

factor and wetted perimeter of canal, the water loss in the other canals can compute corresponding to 

the discharge. The LBC has a conveyance efficiency 64% and RBC, 74%. The branch canals in which 

we observed velocity have efficiencies ranging from 40% to 88%. Tail reach of Kodunthirapully and 

Choolannur branch canal pose low conveyance efficiency. Likewise, head reach of Puthupariyaram and 

Mankara also shows low conveyance efficiency. In the tail reach of Mankara, damaged canal portion 

exists, it may be due to this, and efficiency is less. The distributary canals such as Kunissery, Kurrissi 

and Kuthanoor-I has low conveyance efficiency. It was observed during the field visits that some part
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Figure 3 Graph showing a) conveyance loss and b) conveyance efficiency of various canals 
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of these canals are damaged and unlined. The sub distributary canals, Pallavoor II and Kuthanoor II 

shows a conveyance efficiency 40% and 45%, respectively. From the observed conveyance loss, the 

weighted average conveyance efficiency of main canal is 68%, branch canal is 78%, distributaries are 

66% and sub distributaries are 44%. The overall conveyance efficiency of the irrigation system is 71%. 

4.3 On farm application Efficiency 

Malampuzha Irrigation project follows a rotational system in which the branch canals and distributaries 

are open on alternate weeks on rotation basis. The losses from field channels were observed for 10% of 

the cultivable area by the inflow-outflow method. The velocity measured using flow meter, suitable for 

measuring flow at low depth. The velocity is measured at the starting point of the field channel and 

outlet to the field. Then, the quantity of water at the outlet head is estimated by multiplying with number 

of hour of water supply. The ratio of the water quantity supplied to the field channel to the quantity of 

water delivered to the field is WF1. The conveyance efficiency of the selected field channels at 

Kuthanur and Kunissery and Choolannur distributaries are 42.2%, 52.37% and 60.48%, respectively. 

The weighted average efficiency of the field channels (WF1) is 51.41%.  

The reference evapotranspiration (ETo) ranges from 34.8 mm to 210.3 mm at various stages of 

paddy growth. The percolation is calculated by assuming the percolation rate as 2 mm/day.   The area 

of cultivation of paddy is 15963 ha. The actual water supplied to the field is found by multiplying the 

water supplied from the dam and the conveyance efficiency of the canals. The average water released 

from the dam in the year 2019-20 is 176.342 Mm3. This value when multiplied with conveyance 

efficiency of canals (71%) gives the water actually supplied to the field, 125.203 Mm3. The on farm 

application efficiency is 68.71%. 

Table 2 Computation of WF2 

Name 

of 

Crop 

Crop period ET0 KC 
ET 

crop 
P Re NIR FIR 

Actual 

Supply 
WF2 

(mm) (mm) mm) (mm) (mm) (mm) (Mm3)

Paddy 

Nursery 69.6 0.7 48.7 40 37.7 51.0 99.3 

Land preparation 34.8 0.7 24.4 20 28.3 16.1 31.3 

Initial 54.44 0.3 16.3 30 19.3 27.1 52.6 

Developmental 

stage 60.6 
0.5 30.3 30 1.6 58.7 114.2 

Middle stage 210.32 1.05 220.8 90 2.1 308.8 600.6 

End 74.55 0.7 52.2 30 4.9 77.3 150.3 

Total 538.9 1048.2 125.203 1.34 

4.4 Overall Efficiency 

The overall performance of the Kuttiyadi irrigation project is estimated as the product of all efficiencies. 

The reservoir filling efficiency is 83.17%, average conveyance efficiency is 71% and on farm 

application efficiency is 68.71%. Therefore, the overall efficiency is 40.57%.  

5. Conclusions

The study finds various efficiencies to evaluate the overall efficiencies of the Malampuzha Irrigation 

Project. The reservoir filling efficiency is 83.13%, the sedimentation in the reservoir is not taken in the 

study, need to mention that the bathymetry study showed a reduction of in capacity due to siltation of 

28.62 Mm3 (KERI, 2013). This is not reflected in the study as the daily storage is extracted from design 

elevation-capacity curve, which need to be revised. The conveyance efficiency of various canals shows 

some canals with low efficiency, the emphasizing the need to provide lining with cement concrete. The 

on-farm application efficiency is low with 68.71%, the conveyance loss in field channels need to 

improve by proper maintenance.  As per the definition of the on-field application efficiency (WF2), if 

field irrigation requirement (FIR) is higher than the water supplied, we get a high on-farm application 
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efficiency. The government initiates many measures and subsidies to the irrigators to improve irrigation 

efficiencies, but water accounting and measurements, regulations on extractions, the valuation of trade-

offs, and a better understanding of the incentives and behavior of irrigators must be taken care (Grafton 

et al., 2018).  
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Abstract 

Potential evapotranspiration (PET) signifies the combined loss of water through transpiration and evaporation of water 

from the earth surface. The PET is dependent on weather parameters like temperature, humidity gradient, sunlight, 

and wind velocity. The estimation of Potential Evapotranspiration (PET) is important for prediction of water balance 

of the basin and estimation of net irrigation requirement for crops in the command areas. In the present study, well 

known Modified penman method has been used to compute the reference evapotranspiration (ETr) for a canal 

command area new Mutha Right Bank Canal, Pune, Maharashtra, India. 

Apart from above, five other methods are also used to compute the PET of the same command area. The performance 

of other five methods, which are less data intensive, are compared with standard Modified Penman Method. The other 

methods, namely, Penman Monteith Method, Hargreaves Samani Method, Priestly Taylor Method, FAO Radiation 

Method, Pan Evaporation Method and Hargreaves Samani Methods have given more potential evapotranspiration vis- 

à-vis other methods. The spatial distribution of PET in the command area using Modified Penman method has been 

prepared using ARC GIS 10.3 software. The weighted average PET for the whole command area has been found to 

be maximum i.e. 5.21 mm/day in the month of May and minimum i.e. 2.77 mm/day in the month of December using, 

Modified Penman’s method. Apart from this Hargreaves Samani Method has shown extreme value with respect to the 

other methods i.e.6.43 mm/day in the month of April and 2.77 mm/day as lowest value in the month of December. 

Keywords: Potential evapotranspiration, New Mutha Right Bank canal, Modified Penman Method 

1. Introduction

The hydrologic balance study for an area comprises of both evaporation and transpiration losses, termed 

together as evapotranspiration. According to Langbein and Iseri (1960) potential evapotranspiration as the 

water deficiency in the soil for vegetation present at no time at which evapotranspiration occurs. The soil 

and vegetation has considerable influence over potential evapotranspiration. The surface evapo- 

transpiration from land, relocates massive extent of water from vegetation via transpiration and soil via 

evaporation to the atmosphere. The consumption of water over irrigated projects, planning of water 

resources, hydrologic water balance is to be quantified for the management of water rights (Allen et al., 

2007). Apart its prominent role in global water balance, its influence is felt on global energy balance, 

thereby for optimal water resources management, irrigation scheduling and environment assessment, 

quantification of evapotranspiration is required (Jensen et al., 1990). The estimation of potential 

evapotranspiration can be computed using several approaches, radiation based, water budget based, 

combination based and temperature based. The extensive data needed to get proficiency and to implement 

them with precision make the selection procedure critical for determining the optimistic method (Xu C.Y 

and Singh V.P. 2002). Th developed methods may be inconsistent as they require different inputs and The 

Bandar canal is one of the oldest among the supply canal system from Krishna River for irrigation in the 
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recently reformed state of Andhra Pradesh with area of 160,205 sq. km. The preset study region is the region 

of this canal extending itself in region of Andhra Pradesh, with possessed data from Indian Meteorological 

Department. 

2. Methodology

The spatial distribution of estimation of potential evapotranspiration is still has been scope of study in spite 

of the achieved global predominance. This can be explained by the hardly handy data at main stations. The 

performance of the empirical equations with reference to Modified-Penman method is the main objective 

of this study. The Modified-Penman method is FAO recommended standard and requires data as input at a 

greater extent. Daily meteorological data of maximum and minimum temperatures, wind speed, relative 

humidity, sunshine hours and solar radiation data is required by this standard method, and Phule Jal 

software is used for computation of potential evapotranspiration using the Modified-Penman method easily. 

The method which compared with the Modified-Penman method is chosen, with data requirement as a 

primary function. Extensively used and well known methods Penman Monteith Method, Hargreaves 

Samani Method, Priestly Taylor Method, FAO Radiation Method, Pan Evaporation Method and 

Hargreaves Samani Methods are adopted in this study for comparison. The period of study being 1988 to 

2018. The hourly and hence daily meteorological data is obtained from MERI for the same purpose. 

2.1 Calculation of Net Irrigation requirement 

2.1.1 Models for computation of ETr 

2.1.1.1 Reference crop evapotranspiration (ETr) 

Reference crop evapotranspiration is defined as it is the rate of evapotranspiration rate from a reference 

surface. According to FAO the reference surface is a hypothetic reference crop with an assumed crop height 

of 0.12m, a fixed surface resistance of 70s per m-1 and albedo of 0.23. Various methods to compute 

reference crop evapotranspiration (ETr) are available in literature. The selection of particular method 

depends on availability of data, accuracy of data, accuracy needed in estimation and suitability of data to 

climatic condition. The following different methods are available to estimate the reference crop 

evapotranspiration in the Phule Jal. 

1. Penman-Monteith Method

2. Modified-Penman Method

3. Hargreaves-Samani Method

4. FAO-24 pan evaporation Method

5. Priestley-Taylor Method

6. FAO Radiation method

Penman-Monteith and Modified-Penman methods need daily values of maximum and minimum 

temperature, maximum and minimum relative humidity, actual sunshine hours and wind speed. Hargreaves- 

Samani method needs daily maximum and minimum temperature, FAO-24 pan evaporation method needs 

daily pan evaporation values. FAO Radiation method needs daily maximum and minimum temperature and 

sunshine hours while Priestley-Taylor method needs daily values of maximum and minimum temperature, 

maximum and minimum relative humidity and actual sunshine hours. 
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2.1.2 Penman Monteith method 

The Penman-Monteith method to estimate ETr can be given as presented by equation (1). 

ETr 
0.408(Rn  G)  

900 
 

T  273 
u(es  ea ) 

(1) 

   (1 0.34u2 )

Where, 

ETr 

Rn 

G 

T 

u2 

es 

ea

= Potential evapotranspiration (mm day-1) 

= Net radiation at the crop surface (MJ m-2 day-1) 

= Soil heat flux density (MJ m-2 day-1) 

= Mean daily air temperature at 2 m height (°C) 

= Wind speed at 2 m height (m s-1) 

= Saturation vapour pressure (kPa) 

= Actual vapour pressure (kPa) 

es - ea = Saturation vapour pressure deficit (kPa) 

Δ = Slope vapour pressure curve (kPa °C-1) 

γ  = Psychrometric constant (kPa °C-1) 

The procedures for computation of different parameteres used in the above formula are explained below. 

2.1.3 Modified Penman method 

Based on intensive studies of the climatic and measured grass evapotranspiration data from various research 

stations in the world and the available literature on prediction of reference crop evapotranspiration, 

Doorenbos and Pruitt (1984) proposed a modified penman method, for estimating the reference crop ET 

and gave tables to facilitate the necessary computations as below: 

ETr =W.Rn+(1-W). f(u).(ea-ed) (2) 

Where, 

Etr = The reference crop evapotranspiration (mm day-1)  

ea  = Saturated vapour pressure at the mean air temperature in ºC (mbar) 

ed  = Mean actual vapour pressure of the air (mbar) 

= 
100

a meane RH

Rhmean = RH max +RH min  

2 

Rhmax = Maximum relative humidity (%) 

Rhmin  = Minimum relative humidity (%) 
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ed 

f(u) = A wind related function = 0.27(1 + W2/100) 

W2 = Wind speed (Km day
-1

) 

W = A temperature and elevation related weighing factor for the effect of radiation on ETr 

= Δ / (Δ + r) 

Δ = Rate of change of the saturation vapour pressure 

γ = Psychometric constant 

(1-W) = A temperature and elevation related weighing factor for the effect of wind and humidity 

on ETr 

Rn 

Rns

Ra 

α 

n/N 

Rnl 

f(t) 

σ 

T 

K 

f(ed) 

f (n/N) 

= Net radiation (mm day
-1

) = Rns – Rnl 

= The net incoming shortwave solar radiation 

= Ra (1-α) (0.25 + 0.50 n/N) 

= Extraterrestrial radiation, equivalent evaporation (mm day-1) 

= Reflection coefficient = 0.23 

= Ratio between actual and possible hours of bright sunshine 

= Net longwave radiation = f (t) f (ed) f (n/N) 

= Correction for temperature = σTk4

= Stefan-boltzman constant 

= Mean temperature (ºC) 

= Constant 

= Correction for vapour pressure = 0.34 – (0.014 ) 

= Correction for the ratio of actual and maximum bright sunshine hours = 0.1 + 

(0.9 n/N) 

2.1.4 Hargreaves - Samani method 

Hargreaves and Samani (1985) presented a method for estimating ET which requires only maximum and 

minimum temperature data. Reference crop evapotranspiration by Hargreaves-Samani method is estimated 

by equation (3). 

ET  0.0023T 17.8T T


0.5  
R 

(3) 
0 mean max min a 

Where, 

ETr 

Ra 

TD 

= Average potential evapotranspiration (mm day-1) 

= E traterrestrial radiation (mm day-1) 

= Difference between maximum & minimum temperature (ºC) 

= (Tmax – Tmin) 

TC = Average temperature = 
Tmax   Tmin 

2 
(ºC) 

Tmax = Maximum temperature (ºC) 
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Tmin = Minimum temperature (ºC) 

2.1.5 FAO pan evaporation method 

The formula for estimating evapotranspiration is given by equation (4). 

ETr=Kp×Epan (4) 

Where, 

ETr 

Epan 

Kp 

= Potential crop evapotranspiration (mm day-1) 

= Pan evaporation in (mm day-1) 

= Pan coefficient 

The values of Kp for the Class A pan for different humidity and wind conditions and pan environment are 

presented by FAO Irrigation and Drainage Paper-24 (Doorenbos and Pruitt, 1984). The Kp values relate to 

pans located in open fields with no crops taller than 1 m within 50 m of the pan. Immediate surroundings, 

within 10 m, are covered by a green, frequently mowed, grass cover or by bare soils. The pan station is 

placed in an agricultural area. The pan is unscreened. 

2.1.6 Priestley-Taylor method 

The a Priestly-Taylor formula (Pristly and Taylor, 1972) is given by equation (5), 

ETr 
  



  r 
 Rn  G  (5) 

Where, 

ETr = Reference evapotranspiration (mm day -1) 

α =1.26 – humid climate (RH > 60%) 

α =1.74 – arid climate (RH < 60%) 

G = Heat conduction to soil (MJ m2 day -1) 

Rn = Net radiation (MJ m2 day -1) 

2.1.7 FAO Radiation method 

The FAO radiation formula (Doorenbos and Pruitt, 1975, 1977) is given by equation (6). 

(6) 

Where, 

S
r

R
ET



 
=  ( + r )  
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ETr 

W 

c 

Rs 

λ 

Rs 

Ra 

N 

n 



= Potential evapotranspiration, (mm day-1) 

= Depends on temperature and latitude 

= Depends on mean relative humidity and day time wind speed 

= Solar radiation (MJ m -2 day -1) 

= 2.45 (MJ kg -1) 

= (0.25 + 0.5 n/N) Ra 

= Extraterrestrial radiation (mm day-1) 

= Maximum bright sunshine hours 

= Actual bright sunshine hours 

= Adjustment Factor 

Computer programmes were developed to estimate the reference crop evapotranspiration by Penman- 

Monteith Method, modified Penman Method, Hargreaves-Samani Method, FAO pan evaporation methods, 

Pristly Taylor Method and Radiation Method. 

3. Results & Discussion

The data obtained from MERI, Nashik for the years 1988-2018 for a region of command area of 

Khadakwasala complex, Pune, Maharashtra State, India has been used for assessment of Evapotranspiration 

by the six methods, namely Modified Penman method, Penman-Monteith Method, Hargreaves-Samani 

Method, FAO pan evaporation methods, Pristly Taylor Method and Radiation Method. The results of these 

methods were correlated with modified Penman method computed using Phule Jal software. The modified 

Penman method which is FAO-56 recommended requires information regarding wind speed, maximum and 

minimum temperatures, relative humidity, sunshine hours and solar radiation. The Evapotranspiration (ETr) 

requirement of all the methods month wise is compared and shown in Figure 1 for a typical year. It can be 

observed that Hargreaves Samani method has shown maximum values of ETr during April and May months 

and Pristly Taylor method has shown minimum values of ETr during the month of January. The weighted 

average PET for the whole command area has been found to be maximum i.e., 5.21 mm/day in the month 

of May and minimum i.e., 2.77 mm/day in the month of December using, Modified Penman’s method. 

Apart from this Hargreaves Samani Method has shown extreme value with respect to the other methods 

i.e., 6.43 mm/day in the month of April and 2.77 mm/day as lowest value in the month of December.
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Fig. 1 Monthly evapotranspiration by different methods 
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Conclusions 

Determination of correct evapotranspiration is an important aspect in water management. In the present 

study a highly data intensive, well known modified penman method has been used to compute reference 

evapotranspiration ETr for a canal command area. Five different methods which are less data intensive and 

empirical are also used to compare the ETr with the Penman-Monteith as standard, using the meteorological 

data acquired MERI, Nashik. The Modified Penman method is taken as standard as recommended by FAO- 

56 for estimating Evapotranspiration (ETr) for command area of a major canal namely New Mutha right 

bank canal. It can be observed that Hargreaves Samani method has shown maximum values of ETr during 

April and May months and Pristly Taylor method has shown minimum values of ETr during the month of 

January. Apart from above, five other methods are also used to compute the PET of the same command 

area. The performance of other five method, which are less data intensive, are compared with standard 

Modified Penman Method. The other methods, namely, Penman Monteith Method, Hargreaves Samani 

Method, Priestly Taylor Method, FAO Radiation Method, Pan Evaporation Method and Hargreaves 

Samani Methods have given more potential evapotranspiration vis-à-vis other methods. The spatial 

distribution of PET in the command area using Modified Penman method has been prepared using ARC 

GIS 10.3 software. From the analysis, it has been observed that Barhanpur station is showing high 

evapotranspiration as compared to other stations i.e., Pimpale gurav, Khamgaon and Pargaon. 
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Abstract 

Modal analysis is a simple way to calculate the natural frequencies of any system so as to identify the 

fundamental frequency (most dangerous frequency) of the system. The natural frequencies depend on the 

geometry and constraints of the system. When the frequency of vibration of the system matches the fundamental 

frequency, the amplitude of vibration increases drastically, leading to the failure of the structure. When an 

exposed water-carrying conduit vibrates between two supports in its fundamental frequency, the system may 

lead to failure due to excessive deformation. The current study analyses the behaviour of the pipe under 

different anchoring conditions. The modal analysis is conducted under two conditions: pipe empty condition and 

pipe running full of water. The natural frequency and mode shapes are determined up to 20 modes, as the 

alternate modes are the same in two lateral directions. The natural frequency was found to get decreased by the 

presence of water inside, but the mode shapes remain unaltered.  

Keywords: Modal analysis; water carrying system; natural frequency 

1. Introduction

A transient flow is induced in a piping system when a sudden change in flow conditions like closing 

or opening of the valve, starting and stopping of the pump occurs. The hydraulic transient manifests 

as a pressure wave which travels upstream to downstream and back till the available energy gets 

dissipated. These phenomenon (water hammer wave) causes pressure rise/drop in a cyclic manner in 

the piping system and the pressure drop can induce cavitation.  The piping system experiences severe 

dynamic forces due to fluid-structure interaction under the action of water hammer and cavitation. 

The resulting load on the piping system is transferred to the support mechanisms such as anchors, 

thrusts, and blocks. The vibration accompanied by the water hammer of fluid conveying pipes was 

investigated both numerically and experimentally by many researchers (Zhang et al., 1999; Li et al., 

2018; Wang et al., 2013; Sankarachar, 2015; Shaik et al., 2017; Hunain, 2017 and Alnomani, 2018). If 

a piping system is not anchored properly, it will experience unwarranted vibration during transient 

flow. The provision of more anchors can make the system more rigid and obviously, the vibration of 

the system gets reduced. For understanding the behaviour of fluid conveying piping system under 

different anchoring conditions and under dynamic condition, a modal analysis can be conducted. 

Modal analysis is a simple way to calculate the natural frequencies of the system so as to identify the 

fundamental frequency (most dangerous frequency) of the system (Chopra, 1995). The essential idea 

of modal analysis is to describe the complex phenomena in structural dynamics with simple 

constituents, i.e. natural vibration modes (Fu and He, 2001; Rade and Steffen, 2008). The natural 

frequencies depend on the geometry and the constraints of the system. When the frequency of 

vibration of the piping system matches with the fundamental frequency, the amplitude of vibration 

increases drastically, leading to the failure of the structure. Thus, the modal analysis is very important 

for any piping system subjected to dynamic loads. 

2. Experimental setup of the piping system

Experiments were conducted in a reservoir-pipe-valve installation with mild steel pipe of length 30.30 

m. The internal diameter and the wall thickness of the pipe were 52.4 mm and 3.95 mm, respectively.

There are four different anchoring conditions used in the experimental study as listed below.

• With no fixed anchors
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• With two fixed anchors one at each end

• With three fixed anchors one at each end and third one at centre

• With five fixed anchors one each at ends, at centre and at quarter points.

3. Methodology

The governing equations of structural dynamics are solved for the discretised geometry. A 3-D twenty 

node hexahedron element was used for modelling the piping system. This element is a solid element 

with 20 geometric nodes, with three translational degrees of freedom at each node, in the global 

coordinate system. The discretised form of dynamic equation is given in Eqn. 1. 

[𝑀][�̈�] + [𝑘][𝑢] = 𝐹(𝑡)        (1)

Where [M] = mass matrix, 

[k] = stiffness matrix
[�̈�] = acceleration,

[u] = displacement and

F(t) = force with respect to time. 

Lagrangian interpolation polynomials for 3-D elements were used as the shape functions, for 20 node 

hexahedron elements with respect to the natural coordinates from -1 to +1 (Zienkiewicz et al., 1977; 

Cook et al., 1974; Cook, 2007). The shape functions of the 20-node hexahedron are given in Eqn. 2. 

𝑁𝑖 =
1

8
(1 + 𝜉𝑖𝜉)(1 + 𝜂𝑖𝜂)(1 + 𝜁𝑖𝜁)(𝜉𝑖𝜉 + 𝜂𝑖𝜂 + 𝜁𝑖𝜁 − 2)𝑖 = 1,2, … . ,8

𝑁𝑖 =
1

4
(1 − 𝜉2)(1 + 𝜂𝑖𝜂)(1 + 𝜁𝑖𝜁)𝑖 = 9,11,13,15

𝑁𝑖 =
1

4
(1 + 𝜉𝑖𝜉)(1 + 𝜂2)(1 + 𝜁𝑖𝜁)𝑖 = 10,12,14,16

𝑁𝑖 =
1

4
(1 + 𝜉𝑖𝜉)(1 + 𝜂𝑖𝜂)(1 + 𝜁2)𝑖 = 17,18,19,20   (2) 

Where 𝜉𝑖  , 𝜂𝑖  , 𝜁𝑖  = natural coordinates of the element node with respect to the local coordinate

system, −1 ≤ 𝜉 ≤ 1 , −1 ≤ 𝜂 ≤ 1 , −1 ≤ 𝜁 ≤ 1 . The ANSYS Structural software was used to 

perform modal analysis, the details of the modelling procedure/selected options are given in Table 1. 

Table 1 Details of Modal analysis 
Process Input commands 

ANSYS 

Structural 

Engineering data Select material from Engineering data base 

Geometry Created in Design modeler 

Model- Meshing Circumferential direction : Edge sizing 

Longitudinal direction : Sweep method 

Setup Create supports –fixed support 

Analysis Modal analysis 

4. Results and Discussions

For understanding the behaviour of the pipe under different anchoring conditions and under dynamic 

condition, the modal analysis was conducted. The modal analysis was conducted for all the four 

anchoring conditions included in the study. The modal analysis was conducted under two conditions: 

pipe empty condition and pipe with water. The natural frequency and mode shapes are determined up 

to 20 modes, as the alternate modes are the same in two lateral directions. The natural frequencies of 

the empty pipe with four different anchoring conditions mentioned in section 2 are given in Table 2. 

The mode shapes for all the four support conditions are given in Fig. 1 to 4. 
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Table 2 Natural frequency of the piping systems for different support conditions 
No fixed anchors 2 fixed anchors 3 fixed anchors 5 fixed anchors 

1 0 0.413 1.692 6.061 

2 0 0.413 1.692 6.061 

3 0 1.138 1.692 6.563 

4 0.0017 1.138 1.692 6.563 

5 0.0017 2.231 4.664 6.991 

6 0.0022 2.231 4.664 6.991 

7 0.391 3.688 4.664 6.991 

8 0.391 3.688 4.664 6.991 

9 0.914 5.508 9.139 16.69 

10 1.08 5.508 9.139 16.69 

11 2.113 7.692 9.139 18.07 

12 2.113 7.692 9.139 18.07 

13 3.492 10.238 15.099 19.246 

14 3.492 10.238 15.099 19.246 

15 5.216 13.148 15.099 19.246 

16 5.216 13.148 15.099 19.246 

17 7.283 16.419 22.542 32.694 

18 7.283 16.419 22.542 32.694 

19 9.695 20.053 22.542 35.370 

20 9.695 20.053 22.542 35.370 

For two fixed anchors support condition, the first natural frequency of the empty pipe with water is 

0.413 Hz. Similarly, for three fixed anchors support condition the first natural frequency is 1.692 Hz 

and for five fixed anchors support condition it is 6.061 Hz.  For two fixed anchors support condition, 

two adjacent natural frequencies are obtained as the same. For three fixed anchors and five fixed 

anchors support condition, four consecutive natural frequencies are the same.  

(a)      (b) 

(c)    (d) 

(e)                                                                        (f) 

Figure 1 Mode shapes - No Anchor(a) mode 1(b) mode 3(c) mode 5(d) mode 7(e) mode 9(f) mode 11 
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(a)      (b) 

(c)    (d) 

(e)                                                                       (f) 

Figure 2 Mode shapes-2 Anchor(a) mode 1 (b) mode 3 (c) mode 5 (d) mode 7 (e) mode 9 (f) mode 11 

(a)      (b) 

(c)      (d) 

(e)                                                                         (f) 

Figure 3 Mode shapes-3 Anchor-(a) mode 1 (b) mode 3 (c) mode 5 (d) mode 7 (e) mode 9 (f) mode 

11 
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Fig. 1 shows the fundamental mode shapes of no fixed anchor support condition. As there are no fixed 

anchors for this support conditions, the first 6 modes indicate rigid body motion. The seventh and 

eighth modes give the deflection in single curvature. Ninth and tenth modes are in double curvature 

and so on. Fig. 2 shows the fundamental mode shape of two fixed anchors support condition along 

with higher mode shapes. All the mode shapes are fixed-fixed beam mode shapes. Mode shape one is 

single curvature in lateral y direction and two is in lateral z direction with the same natural frequency. 

As there is only one span for this anchoring condition, each mode shape repeats in two lateral 

directions as visible in modes 1 and 2. Similarly, modes three and four are double curvature in lateral 

y and z directions respectively. In the same way two consecutive frequencies are the same in two 

lateral directions. 

Fig. 3 gives the mode shapes of three fixed anchors support condition and Fig. 4 gives the mode 

shapes of five fixed anchors support condition.  For three fixed anchors support condition the pipe is 

divided into two different spans of equal length and end conditions. The mode shape of each span 

found to repeat in both lateral directions and hence, consecutive four natural frequencies seem to be 

equal. From Fig.3 it can be observed that in first and second mode shape the pipe bends in single 

curvature between two supports while the remaining portion of the pipe between other two supports 

remain straight. In third and fourth mode shapes, both the two parts of the pipe bend in double 

curvature with different amplitude. Again in fifth and sixth mode shapes, one part of the pipe bent in 

double curvature while the other part remains straight. This is the pattern repeated in three fixed 

anchors supporting condition. 

In five fixed anchors support condition the pipe is divided into four different spans of equal length and 

end conditions. It is again divided into end span and interior span. For two end spans the frequencies 

are equal in two lateral directions which are slightly different from that of interior span. The first four 

modes are corresponding to single curvature bending of interior spans, resulting in four equal 

consecutive natural frequencies. The next four natural frequencies are corresponding to single 

curvature bending of end spans and hence, are equal. Or in general for five fixed anchors support 

condition, first eight mode shapes are similar in which only one part among four parts of the pipe, 

bends in single curvature in y or z directions, while the remaining parts are straight. Similarly in the 

next eight mode shapes from 9-16, one part among four parts of the pipe bends in double curvature in 

y or z directions, while the remaining parts are straight. This pattern found to be repeating in five 

fixed anchors support condition. 

(a)      (b) 

(c)                                                                         (d) 

Figure 4 Mode shapes -5Anchor Support condition-(a) mode 1, (b) mode 9, (c) mode17, (d) mode 20 
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The modal analysis was conducted for all the four anchoring conditions included in the study for the 

second case also - pipe with water. The natural frequencies and mode shapes were determined up to 

20 modes, as the alternate modes are the same in two lateral directions. The natural frequencies of the 

pipe with water for all the four different anchoring conditions mentioned in section 2 are given in 

Table 3.  

The natural frequency found to get decreased by the presence of water inside, but the mode shapes 

remain unaltered. The natural frequencies for the pipe with water condition and for all the four 

anchoring conditions are given in Table 3. The decrease in natural frequency due to the presence of 

water is about 15% in all the four anchoring conditions. For two fixed anchors support condition, the 

first natural frequency of the pipe with water is 0.35 Hz. Similarly, for three fixed anchors support 

condition the first natural frequency is 1.378 Hz and for five fixed anchors support condition it is 

5.141 Hz.  Similar to the results of empty pipe, for the two fixed anchors support condition, two 

adjacent natural frequencies are obtained as the same. For three fixed anchors support condition, four 

consecutive natural frequencies are almost the same and for five fixed anchors support conditions, 

eight consecutive natural frequencies are almost the same. 

Table 3 Natural frequency of the piping systems with water for different support conditions 

No Anchors 2 fixed Anchors 3 fixed Anchors 5 fixed Anchors 
1 0 0.350 1.378 5.141 

2 0 0.350 1.378 5.141 

3 0 0.965 1.435 5.566 

4 0.004 0.965 1.435 5.566 

5 0.005 1.892 3.797 5.929 

6 0.148 1.892 3.797 5.929 

7 0.332 3.128 3.955 5.929 

8 0.332 3.128 3.955 5.929 

9 0.914 4.672 7.441 14.156 

10 0.914 4.672 7.441 14.156 

11 1.792 6.524 7.751 15.326 

12 1.792 6.524 7.751 15.326 

13 2.692 8.684 12.295 16.324 

14 2.692 8.684 12.295 16.324 

15 4.424 11.151 12.806 16.324 

16 4.424 11.151 12.806 16.324 

17 6.177 13.926 18.357 27.713 

18 6.177 13.926 18.357 27.713 

19 8.223 17.007 19.119 30.000 

20 8.223 17.007 19.119 30.000 

By conducting dynamic analysis of the piping system the frequency of the pipe under induced forces 

can be calculated. From the modal analysis, the fundamental frequencies of all the four support 

conditions have been obtained. This information is very useful for checking whether there is any 

possibility of failure due to resonance during the transient flow in the piping system and to avoid the 

failure of the system in resonance. 

5. Conclusions

Modal analysis of the piping system was conducted with four different support conditions by varying 

the number of fixed anchors attached to the system. The modal analysis was conducted for empty pipe 

and for pipe with water. Mode shapes and frequencies were recorded up to 20. From the numerical 

study the following observations were made: 

• For support condition with no fixed anchors, the first 6 mode shapes are rigid body

movements with zero or negligible natural frequency.
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• For two fixed anchor support condition, two consecutive natural frequencies and mode shapes

are found to be equal in two lateral directions.

• For three fixed anchor support condition, four successive frequencies and mode shapes are

found to be equal; for two parts of the pipe in two lateral directions.

• For five fixed anchors support condition, the first eight mode shapes are similar in which only

one part among four parts of the pipe, bends in single curvature in y or z directions, while the

remaining parts are straight.

• By the presence of water inside, the pipe the natural frequencies seem to be decreased by 15%

in all the four support conditions.
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Abstract 

Managing climate change induced vulnerability is a challenge in the Himalayan region. The policy interventions 
are often not targeted due to lack of assessment and prioritization of vulnerable areas of a district/state. The 
intervention measures already available in the Uttarakhand Himalaya are limited due to want of huge investment 
and unfavorable terrain. Vulnerability must be understood as a set of socioeconomic conditions that are 
identifiable in relation to climate change which include natural disaster, demography, water, health, livelihood, 
social network, food. Combination of these factors at varying level of dominance is driving the vulnerability of a 
region. Therefore, identifying and grading the key factors influencing the regions vulnerability can of great help 
in strategizing targeted adaptive measures. The dynamic nature of climate change vulnerability depends upon both 
biophysical and social processes. We undertook the study at three blocks in the Rudraprayag district in the Upper 
Ganga Basin (UGB) using the IPCC’s Livelihood Vulnerability Index (LVI) approach. LVI assess the quantum 
of adaptive capacity, sensitivity and exposure of a region. The LVI ranges from -1 to +1 representing low to high 
vulnerability. To assess the vulnerability in terms of exposure, sensitivity, and adaptive capacity, 7 major 
indicators and 25 sub-indicators have been considered in the study. The information for the 25 sub-indicators were 
drawn from questionnaire based field survey conducted in three blocks viz. Augustmuni, Jakholi, and Ukhimath 
comprising of 39 villages and 128 households. The LVI values stand at 0.07, -0.18, and -0.21 for Jakholi, 
Ukhimath, and Augustmuni blocks respectively. The LVI values indicated that Jakholi block is highly vulnerable 
followed by Ukhimath and Augustmuni blocks. It has also been noted that Jakholi block is highly exposed (0.58) 
to climate change variability coupled with lower adaptive capacity (0.42). The exposure and adaptive capacity of 
Agustmuni block stands at 0.23 and 0.69. Ukhimath block although indicated a higher adaptive capacity (0.82). 
The sensitivity of the three blocks are more or less same. It is recommended that any adaptive measures initiated 
in the district should be prioritized to Jakholi block followed by Ukhimath and Augustmuni. 

Keywords: Livelihood Vulnerability Index; Upper Ganga Basin; Prioritization; Climate adaptation 

1.. Intro ction

The Himalaya and particularly the ‘UGB’ is highly significant in contributing towards the livelihood of 
people living in the mountain areas. But equally significant is the difficulties and issues faced by people 
in those areas. The issues of the mountain people are many in a region as gigantic as Himalayas. 
Sustainable Himalayan ecosystem is a mirage without addressing the burning issues of the mountain 
people such as extreme natural events, landslides, etc. The winter snowfall variability in terms of extent 
and duration has impacted the mountain eco-hydrological regime as evident in the changing spring flow 
characteristics. Further, the ever-growing population and a parallel increase in the demand for natural 
resources have left agricultural and water resources in the region susceptible to increasing climate 
change risks, affecting livelihoods of local communities. Crop productivity is influenced by the 
changing weather conditions all throughout the year. These regions experience both development 
challenges as well as climate change uncertainties. Thus, focusing on climate adaptation interventions 
becomes a high priority. In order to assess the livelihood related vulnerabilities and derive the strategies 
and solutions for mitigating the impacts of climate change, a vulnerability assessment was conducted 
in the Rudraprayag district situated in the Upper Ganga basin (UGB). 

The concept of vulnerability has been evolving over the years. Vulnerability is the degree to which a 
system is susceptible to, and unable to cope with, adverse effects of climate change, including climate 
variability and extremes (Parry et al. 2007). Several researchers have put forward various 
methodologies to assess the vulnerabilities to climate change, but rely on the definition proposed by the 
Intergovernmental Panel on Climate Change (IPCC) that view vulnerability as a function of exposure, 
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sensitivity and adaptive capacity (McCarthy et al. 2001). The vulnerability framework as proposed by 
the IPCC is viewed as one of the most powerful analytical tools for assessments (Turner et al. 2003).  
Within this broad framework, Hahn et al. 2009, developed an indicator-based vulnerability assessment 
which has been utilized by several researchers in different areas (Shah et al. 2013; Tewari and 
Bhowmick (2014); Etwire et al. 2013; Legese et al.2016; Theodrose (2016); Dechassa et al.2017). The 
livelihood vulnerability index (LVI) is a composite index of all major indicators, while the IPCC 
vulnerability approach frame includes the major indicators into three contributing factors to 
vulnerability and these are: exposure, sensitivity and adaptive capacity. The LVI uses multiple 
indicators to assess exposure to natural disasters due to climate change or variability, social and 
economic characteristics of households that affect their adaptive capacity, and current health, water, 
agriculture and natural resource characteristics that determine their sensitivity to climate change 
impacts.  

According to the IPCC report, exposure is the magnitude and duration of climate related exposure, such 
as drought temperature variability or change in precipitation (Parry et al. 2007). Sensitivity is defined 
as the degree to which a system can be affected, negatively or positively, by a change in climate. This 
includes the change in mean climate and the frequency and magnitude of extremes. The effect may be 
direct or indirect (Parry et al. 2007). Adaptive Capacity is a system's ability to adjust to climate change 
(including climate variability and extremes), to moderate potential damage, to take advantage of the 
opportunities or cope with the consequences (Parry et al. 2007). The more adaptive a system is, the less 
vulnerable it is. Vulnerability must be understood as a set of socioeconomic conditions that are 
identifiable in relation to climate change which include natural disaster, demography, water, health, 
livelihood, social network, food. Combination of these factors at varying level of dominance is driving 
the vulnerability of a region. Therefore, identifying and grading the key factors influencing the regions 
vulnerability can of great help in strategizing targeted adaptive measures. The dynamic nature of climate 
change vulnerability depends upon both biophysical and social processes. In the present study 
vulnerability assessment has been attempted at three blocks in the Rudraprayag district in the Upper 
Ganga Basin (UGB) using the IPCC’s Livelihood Vulnerability Index (LVI) approach. LVI assess the 
quantum of adaptive capacity, sensitivity and exposure of a region. The LVI ranges from -1 to +1 
representing low to high vulnerability. 

2.. tudy area

Rudraprayag district is situated in the Uttarakhand state of India. It is spread over an extent of 30º 2' to 
30º 7' North latitude and 79º to 79º 4' East longitude. Rudraprayag district was established on 16th 
September 1997. It lies at the confluence of two rivers Alkananda and Mandakini. As per the 2011 
census, population of Rudraprayag city is 9,313, of which 5,240 are males while 4,073 are females. 
Female Sex Ratio of Rudraprayag is 777 against a state average of 963. Moreover, the Child Sex Ratio 
in Rudraprayag is around 803 compared to the Uttarakhand state average of 890. The literacy rate of 
Rudraprayag city is 89.42% higher than the state average of 78.82%. In Rudraprayag, Male literacy is 
around 93.43%, while the female literacy rate is 84.24%. 

As the elevation of the district ranges from 800 m. to 8000 m above sea level the climate of the district 
very largely depends on altitude. The winter season is from about mid-November to March. As most of 
the region is situated on the southern slops of the outer Himalayas, monsoon currents can enter through 
the valley, the rainfall being heaviest in the monsoon from June to September. Most of the rainfall occur 
during the period June to September when 70 to 80 percent of the annual precipitation is accounted for 
in the southern half of the district and 55 to 65 percent in the northern half. The highest temperature 
was 340C and lowest 00C. January is the coldest month after which the temperature begin to rise till 
June or July. Snow accumulation in valleys is considerable. The economy of the region is 
predominantly an agrarian with over 70% of the population is dependent on agriculture. Most 
agriculture is rainfed, so farmers are highly dependent on the monsoon rains. For most part of 
the year, the region experiences an acute scarcity of water for domestic and agricultural use. 
The region even after receiving considerable amount of average annual rainfall of more than 
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1200 mm has been facing acute shortage of water in the past few years. Due to this, livelihood 
of the area is vulnerable to the impact of climate change. The basic district level information is 
provided in Table 1. The location of the district within the UGB is shown in Figure 1. 

Table 1 Basic district level information 

Category Total Category Total 
1,984 Sq Km Population  2,42,285 

4 Male  1,14,585 
3 Female 1,27,700 
1 Rural 2,23,285 
5 Urban  19,000 

339 Literacy 1,70,930 

Area  
No. of Talukas  
No. of Block  
No. of Municipalities  
No. of Police Station  
Gram Panchayat  
Villages  679 Male 91,800 

Femal e 31,990
Source: https://rudraprayag.gov.in/demography/ 

Figure 1 Location map of Rudraprayag district 

3.. pproach and Methodology

3.1 Data and analytical tool 

A multidisciplinary team trained to undertake household and village level survey in three blocks viz. 
Jakholi, Ukhimathn and Augustyamuni. Primary information collected through structured questionnaire 
carefully designed considering LVI indicators and sub-indicators. For the analysis, village level, block 
level and district level secondary information were also obtained from the district statistical handbooks. 
The collected information, both at village and household level were collated, and compiled to assess 
the vulnerability of the district. 

3.2 Selection of Indicators 

Vulnerability encompasses three major components viz. exposure to risk, sensitive to these risks, and 
adaptive capacity to these risks. Vulnerable populations are exposed to multiple of risks including 
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reduced agricultural production, water scarcity, etc. Higher the exposure and sensitivity, higher the 
vulnerability and lesser the adaptive capacity (Figure 2). Socio-economy of the population also plays a 
crucial role in the adaptive capacity, and overall threat to the vulnerability. 

Figure 2 Vulnerability and its different components 

For the purpose of conducting vulnerability assessment, livelihood vulnerability index was computed 
for three blocks of Rudraprayag district, and were used to derive vulnerability contributing factors - 
Exposure (E), Sensitivity (S), and Adaptive capacity (A). These are represented through a number of 
indicators that would reflect these major components. These indicators were chosen from a broader list 
of sub-indicators. These are based on literature review, discussions with the experts and nature of 
relationship with the three major components of vulnerability. Through LVI-IPCC, block level 
vulnerabilities were assessed, after which strategies were suggested to cope up with climate change 
problems. The list of indicators and sub-indicators included in computation LVI using LVI–IPCC 
Approach are shown in Figure 3. A total of 7 major indicators and 25 sub-indicators were considered 
while assessing the vulnerability. 

Figure 2 Complete Schematic Representation of LVI-IPCC approach
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3.3 Calculation of IPCC based LVI – index 

The LVI includes seven major indicators viz. Climate change and Natural Disasters, Demographic, 
Water, Health, Livelihood, Social Network, and Food with 25 sub-indicators under them. The LVI uses 
a balanced weighted average approach where each sub-component contributes equally to the overall 
index even though each major component consists of a different number of sub-components (Hahn et 
al. 2009). As each of the sub-indicators are measured on a different scale, it was necessary to first 
standardize each as an index. 

𝑆𝑉𝑎𝑙𝑢𝑒 𝐼𝑥  𝐺𝑖𝑣𝑒𝑛 𝑉𝑎𝑙𝑢𝑒, 𝐼 𝑀𝑖𝑛 𝑉𝑎𝑙𝑢𝑒, 𝐼 ⁄ 𝑀𝑎𝑥 𝑉𝑎𝑙𝑢𝑒, 𝐼 𝑀𝑖𝑛 𝑉𝑎𝑙𝑢𝑒, 𝐼  (1) 

Where, Ix is the standardized value for the sub-indicator, Ib is the value for the sub-indicator I for a 
particular block and Imin and Imax are the minimum and maximum values, respectively, for each sub-
indicator across the blocks. 

After standardization, the sub-indicators were averaged using equation to calculate the profile value of 
each major indicator.  
𝑃𝑟𝑜𝑓𝑖𝑙𝑒 𝑉𝑎𝑙𝑢𝑒 𝑃  ∑ 𝐼𝑛𝑑𝑖𝑐𝑎𝑡𝑜𝑟 𝐼𝑛𝑑𝑒𝑥 ⁄𝑛       (2) 

Where, P is one of the seven major indicators for the block and index Ixi represents the sub-components, 
indexed by i, that make up each major component, and n is the number of sub-components in each major 
component. 

Once the values for each of the seven major indicators for each block were calculated, they were 
averaged together to obtain the LVI value for each block using the following formula: 

𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 𝐶𝐹  ∑ 𝑊  𝑥  𝑃 ∑ 𝑊  (3) 

Where, WPi is the weightage of the Profile I and Pi are the major indicators for the block.  

Once exposure, sensitivity and adaptive capacity were calculated, the three contributing components 
were combined, and LVI-IPCC of a particular block using the following equation: 

𝐿𝑉𝐼_𝐼𝑃𝐶𝐶 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝐴𝑑𝑎𝑝𝑡𝑖𝑣𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦  𝑥 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦  (4) 

Scaling is done from -1 to +1 indicating low to high vulnerability. This is done for each block, and then 
they are ranked in a decreasing order of vulnerability. 

4.. sults and discussion

1.1 Block level vulnerability assessment 

The LVI-IPCC approach was used to assess the vulnerability assessment of Rudraprayag 
district comprising of three administrative blocks. Those are Augustmuni, Jakholi, and 
Ukhimath. A total of 39 villages and 128 households were visited to collect information for 
vulnerability analysis. The Profile Values (Eq.2) for seven major indicators considered in the 
study is shown in Table 2. It can be seen that demography of a region plays an important role 
is assessing the vulnerability, and hence provided a highest weightage with six sub-indicators. 
Demography directly reflects the sensitivity towards an extreme event or disaster. In the study, 
a greater weightage was also given to other major indicators like water (5 sub-indicators), 
climate change and natural disasters (4 sub-indicators), health (3 sub-indicators), and livelihood 
(3 sub-indicators). Social Network and Food, another two major indicators, indicating the 
adaptive capacity to a disaster in a region were given two sub-indicators. Consideration of 
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major indicators, and sub-indicators are although subjective in nature, but carefully chosen 
based on the exposure, sensitivity, and adaptive capacity of a region. Socio-economic aspects 
also another important driver in deciding the indicators and sub-indicators.     

Table 2 Block-wise Profile Values of seven major indicators  

Major indicators Weights Profile values 
Augustmuni Jakholi Ukhimath 

0.666 0.33 0.33 
5 0.28 0.46 0.69
3 0.33 0.46 0.40

0.67 0.32 0.32 
2 0.91 0.00 1.00 
2 0.50 1.00 0.88

Demographic
Water
Health
Livelihood
Social Network 
Food
Climate Change and Natural Disasters 4 0.23 0.58 0.44 

The block-wise profile values for all the indicators is also shown in the web diagram (Figure 
3). It can be seen that the demography is contributing highest towards the vulnerability for the 
Augustmuni block in comparision to Jakholi and Ukhimath blocks. A higher value against the 
social network for Ukhimath block indicates that the social cohesion in the region enable them 
to counter any disaster with high adaptive capacity. Again for the Jakholi block, the food 
indicator is highest amongst other two blocks which contributes towards adaptive capacity in 
the region.   

Figure 3 Web-diagram indicating the profile values of seven indicators for the Augustmuni, Jakholi, 
and Ukhimath blocks of Rudraprayag district 

The three contributing factors to vulnerability i.e., exposure, sensitivity, and adaptive capacity 
is assessed as shown in Figure 4. It can be seen that Jakholi block is highly exposed to disasters 
with minimal adaptive capability in comparison to other two blocks. The adaptive capacity is 
maximum in Ukhimath region with a value of 0.82. This may be attributed to the better socio-
economic condition of people in the region. Sensitivity of three blocks are comparable with a 
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mean value of 0.446. The IPCC based LVI values estimated based on the three contributing 
factors is given Table 3. The spatial representation of LVI-IPCC is represented in Figure 5. 

Figure 4 Web-diagram indicating the three contributing factors (exposure, sensitivity, and adaptive 
capacity) to vulnerability for the Augustmuni, Jakholi, and Ukhimath blocks of Rudraprayag district 

Table 2 LVI-IPCC values for Augustmuni, Jakholi, and Ukhimath blocks, Rudraprayag district  

Blocks Exposure Sensitivity Adaptive Capacity LVI-IPCC
Augustmuni 0.23 0.46 0.69 -0.21
Jakholi 0.58 0.41 0.42 0.07
Ukhimath 0.44 0.47 0.82 -0.18

Figure 5 Spatial representation of vulnerability index (LVI) for the Augustmuni, Jakholi, and 
Ukhimath blocks of Rudraprayag district 
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The information for the 25 sub-indicators were drawn from questionnaire based field survey conducted 
in three blocks viz. Augustmuni, Jakholi, and Ukhimath comprising of 39 villages and 128 households. 
The LVI values stand at 0.07, -0.18, and -0.21 for Jakholi, Ukhimath, and Augustmuni blocks 
respectively. The LVI values indicated that Jakholi block is highly vulnerable followed by Ukhimath 
and Augustmuni blocks. It has also been noted that Jakholi block is highly exposed (0.58) to climate 
change variability coupled with lower adaptive capacity (0.42). The exposure and adaptive capacity of 
Agustmuni block stands at 0.23 and 0.69. Ukhimath block although indicated a higher adaptive capacity 
(0.82).  

The vulnerability order of three blocks of Rudraprayag district is given below: 

Vulnerability Order: Jakholi > Ukhimath > Augustmuni 

5.. onclusions

Identifying and grading the key factors influencing the regions vulnerability can of great help in 
strategizing targeted adaptive measures. In the study vulnerability assessment was carried out using 
IPCC based LVI index approach considering 25 sub-indicators drawn from questionnaire based field 
survey conducted in three blocks viz. Augustmuni, Jakholi, and Ukhimath of Rudraprayag district. The 
LVI values indicated that Jakholi block is highly vulnerable followed by Ukhimath and Augustmuni 
blocks. It is recommended that any adaptive measures initiated in the district should be prioritized to 
Jakholi block followed by Ukhimath and Augustmuni. 
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Abstract 

Efficient management and simulations of many near-surfaces hydrological processes such as 

groundwater recharge, runoff, infiltration, irrigation, optimal water use in agricultural operations, and 

contaminant transport in the vadose zone require reliable and well-engineered estimates of the 

unsaturated soil hydraulic properties. Most significant being the soil water retention curve which relates 

capillary pressure (matric suction) and fluid saturation, and the unsaturated soil hydraulic conductivity 

function. SWRC is one of the fundamental characteristics of unsaturated soils and many basic properties 

of unsaturated soils such as volume change behavior, coefficient of permeability, and shear strength are 

closely related to it. The experimental determination of SWRC is a very laborious and time-consuming 

task so giving rise to numerical schemes and simulations tools which can estimate the retention behavior 

of soil at different mechanical and hydraulic conditions. One of the newly introduced simulation 

techniques for two-phase flow in porous media is pore network modelling. Pore network models mimic 

the porous structure of soil and can, therefore, be considered as powerful physically-based models. In 

this study, pore network model is used to simulate SWRC and the effect of various structural parameters 

of the proposed pore network model such as coordination number, aspect ratio, and pore size 

distribution parameters on correct simulation of SWRC is studied. 

Keywords: SWRC; Porous media; Pore network modelling 

1. Introduction
Various civil engineering problems involve flow in unsaturated soils and unsaturated soil problems

mostly require quantification of an important soil property function i.e. water storage relationships or

what is most commonly called as soil water retention curve (SWRC).

SWRC is defined as the relationship between the amount of water in the soil and soil suction. It is 

referred to as a key to comprehend the behavior of unsaturated soils (Fredlund and Rahardjo 1993; Zhu 

and Sun, 2012). As the concerns for groundwater quality and the environment are increasing it is 

becoming more important to correctly estimate the water storage capacity of soil in the vadose zone. 

Apart from experimental techniques for determining SWRC like tensiometers, axis translation 

techniques, electric/thermal conductivity sensors, etc various attempts have been made to predict 

SWRC from indirect methods owing to the difficulty and long duration of experimental procedures. 

Gupta and Larson (1979) used statistical estimates of water contents at various soil suctions to estimate 

SWRC. Similarly, Arya and Paris (1981), Fredlund et al (2002), Cheng et al (2019) developed various 

physico-empirical models in which the grain-size distribution curve is used in the prediction of the 

SWCC data. In physico-empirical methods soil is modelled as a bundle of capillary tubes of varying 

diameter. However, this assumption is not valid in soil because of the intricacy of pore structure of soils. 

One of the important modelling techniques that can mimic the pore structure of porous media is pore 

network modelling. 

Pore network modelling (PNM) can be used to study flow and transport phenomena in porous media. 

It was introduced by Fatt (1956). Since its inception, it has evolved enormously. Pore network 

represents void spaces of a porous media, wider regions of pore space are represented as pores which 

are connected by narrow regions called throats. The realism of PNM depends on correct characterization 
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of pore structure of soil. So, in this regard it is not only the network geometry but also network topology 

or connectivity that is of utmost importance. Network geometry takes into account the shape and size 

of pore bodies and throats while as network topology defines the structure of the network and how all 

the components are connected to each other. 

In this study, pore network model is used to simulate SWRC and the main structural parameters of a  

3-D pore network model which affect its efficiency in SWRC modelling are found and their effect is

studied.

2. Pore Network Model Description

2.1 Network geometry and topology. 

Generally, pore bodies are assumed to be spherical or cubical. Truncated octahedron can also be used 

to model pore bodies. However, for throats various shapes for the cross section are used. After the 

drainage process water resides in the corners and crevices of soil called wetting layers. These wetting 

layers have an important impact on the retention capacity of soils and can be taken into account only if 

angular cross sections are considered in network models. Two important features of network topology 

are the spatial location of pore bodies and connectivity of pore elements. The connectivity of pore 

elements is represented by pore coordination number. Based on the spatial location of pores, pore 

network can be structured if pore is on every lattice point or unstructured if pores are randomly placed 

within the network domain. Similarly, on the basis of coordination number a network can be regular or 

irregular. If every pore has same coordination number it is a regular network else an irregular network. 

It is essential to construct the topology and geometry accurately in order to mimic the appropriate 

transport phenomena through soils.  

Figure 1. Pore space elements (pores and throats). 

Since in this work we are concerned with the parameters of pore network that affect the simulation of 

SWRC so we have considered a network with cubical pores and throats have square cross section. 

Angular cross sections have been considered to take into account the wetting layers. The size 

distribution of pore bodies can be obtained from experimental techniques like Mercury Intrusion 

Porosimeter (MIP), gas adsorption as well as imaging techniques. However, in the absence of such data, 

a standard pore size distribution function like log normal distribution can be used. We have considered 

randomly distributed pore size around a mean pore size observed in different soils. 

The radius of a throat, rij can be obtained from the inscribed radii of two adjacent pores Ri and Rj by 

means of following equation (Acharya et al., 2004):

Dimensionless inscribed pore radii are defined first as follows: 

�̃�𝑖 = 𝑅𝑖/𝑑
(1) 

�̃�𝑗 = 𝑅𝑗/𝑑

Dimensionless inscribed throat radii �̃�𝑖𝑗 is calculated as:

�̃�𝑖𝑗 = 𝜀𝑖𝜀𝑗 (𝜀
𝑖

1

𝑛 + 𝜀
𝑗

1

𝑛)

−𝑛

,   𝑛 > 0  (2)
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4
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Where d is the separation distance between pore i and pore j (their centre-to- centre distance) and n 

denotes the aspect ratio parameter i.e. it controls the ratio of pore body diameter to throat diameter. 

Both regular and irregular networks have been constructed to study the impact of type of network. Work 

of Raoof and Hassanizadeh (2012) has been followed to generate a network in which a throat can be 

oriented in 13 different directions so coordination number is allowed to vary from 0 to 26 with a 

prespecified average value for an entire network. A pore connection is assumed to be either blocked or 

open. An elimination number is randomly generated for each connection and a threshold number which 

gives the probability of having an open bond or a closed one is assigned to each bond. If the elimination 

number is greater than the threshold number then that pore connection is assumed to be blocked and 

vice versa. Using this approach irregular networks with varying average coordination numbers are 

constructed. 

2.2 Model assumptions 

Following assumptions are made:      

1. It is assumed that pore throat volume is negligible and hence it is the volume of pore bodies

that is used in the computation of network saturation.

2. The effect of gravity has not been considered in the simulation.

2.3 SWRC simulation 

A typical SWRC consists of a primary drainage curve (drying curve), imbibition curve (wetting curve), 

and scanning curves. In this work, a primary drainage or drying curve has been simulated. It is defined 

as a process in which a non-wetting phase (air in this case) invades and replaces the wetting phase 

(water in this case) in a porous media (soil in this case). It is controlled by the threshold entry pressures 

for invasion. Thus, at each suction level a pore is drained only when the imposed suction to the network 

is higher than the threshold entry pressure of the throat connected to the pore. An inlet of the network 

is assumed to be connected to the air reservoir and outlet to the water reservoir. For drainage simulation, 

the network initially is completely saturated with water and the suction imposed to the network is 

gradually increased. In each step, a network element is drained if one of its neighboring elements is 

drained in the previous step and its threshold entry pressure is exceeded. The threshold entry pressure 

for a throat is calculated using following expression (Joekar Niasar et al. 2010): 

𝑝𝑒,𝑖𝑗
=

𝜎

𝑟𝑖𝑗
(

𝜃+cos2 𝜃−
𝜋

4
−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

𝑐𝑜𝑠𝜃−√
𝜋

4
−𝜃+𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

) (3) 

where 𝜎 stands for interfacial tension, rij denotes the radius of inscribed circle in throat ij connecting 

pore i and pore j and 𝜃 is the contact angle between air and water which is assumed to be zero degree. 

Once a pore element is drained then the network saturation is updated. Following expression is used to 

calculate the saturation of pore network (Joekar Niasar et al. 2010):  

𝑠𝑖
𝑤 = −

1

6.83
ln (1 −

2𝜎

𝑅𝑖 𝑃𝑐
) (4)
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Pc is the imposed matric suction and Ri is radius of pore i. This expression gives the water saturation in 

pores which is drained as some water is retained in corners. 

3 RESULTS AND DISCUSSIONS 

The various structural parameters of a pore-scale network that influence the SWRC simulation are 

studied. For example, coordination number, mean pore radius, aspect ratio, and type of network 

structure are altered and their impact on SWRC simulation is analysed. 

3.1 Influence of pore size distribution. 

Different soils have different particle size distribution giving rise to pores of varying sizes. Two 

networks with different pore size distribution are created. In one network pores are in the order of 10-3 

(in the range of millimetres) and the other network has pores in the order of 10-4 (in the range of 

hundreds of micrometres), Figure 2. shows the nature of SWRC in two cases. SWRC of network with 

smaller pores has shifted towards regions of high suction. Such a trend is due to the fact that smaller 

pores require high values of suction for drainage process.   

Figure 2. Effect of pore size distribution on simulated SWRC 

3.2 Influence of coordination number. 

The connectivity of a pore network is determined by its coordination number. A higher coordination 

number gives a densely connected network and low coordination numbers results in a sparsely 

connected network. Networks with different mean coordination members (keeping the other parameters 

fixed) are generated by choosing a common threshold number. For example, to generate a network with 

mean coordination number as 4, threshold number in all directions is 0.153. Figure 3. shows the 

variation in SWRC as the mean coordination number is changed. It is clear that coordination number 

has a considerable impact on SWRC. Higher mean coordination number networks result in steep SWRC 

and low residual water saturation. This is quite true as higher coordination numbers result in more 

connectivity within the network and hence water is drained out easily and lower residual saturation 

obtained. 
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Figure 3. Effect of coordination number on simulated SWRC 

3.3 Influence of aspect ratio 

Aspect ratio which is defined as the ratio of pore diameter to throat diameter is controlled by parameter 

n in equation (i). Larger n results in smaller throats. SWRC is simulated with a higher and lower aspect 

ratio and Figure 4. shows the variation in SWRC. For lower aspect ratio the SWRC is steeper compared 

with the same network with a higher aspect ratio. Lower aspect ratios result in larger throat size which 

decrease the threshold entry pressure of a throat connected the pore which is to be drained. As a result 

of which network is drained at lower suction values giving a steep SWRC. On the other hand, since the 

connectivity of network is the same so residual water saturation in both cases is identical with only 

difference being that residual saturation is reached at higher suction values in network with higher 

aspect ratio. 

Figure 4. Effect of aspect ratio on simulated SWRC 

3.4 Influence of network type 

Based of spatial connectivity of pores, network models can be regular or irregular. To study the 

influence of network type regular and irregular networks with lower and higher coordination numbers 

are constructed and SWRC simulated. For higher coordination number SWRC simulated from regular 

and irregular networks are almost identical. However, at lower coordination numbers SWRC’s are 

different. For example, a regular network model with a coordination number of 4 has every pore 
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connected in one vertical and a horizontal direction compared to its irregular counterpart where the 

coordination number ranged from 0 to 26 but mean coordination number is 4. As a result, the nature of 

SWRC obtained is different in both cases and lower residual saturation of water is obtained in regular 

network where more connectivity between the pores is expected.  

(a)                                                                           (b) 

Figure 5. Effect of network type on simulated SWRC (a) for a network with coordination number=4 

(b) for a network with coordination number = 6

 4. Conclusions

  In this study, SWRC is simulated using PNM and various parameters of pore scale network that can 
affect SWRC are

 

investigated. Important structural parameters like coordination number of networks, 

pore size distribution and aspect ratio are studied. It is observed

 

that coordination number, mean pore 

radius, n parameter (the structural parameter controlling throat radii), and the pore distribution are of 

high influence on the simulated SWRC. Thus, when pore network models are used for SWRC 

simulation these structural parameters should closely represent the pore space of soil.
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Abstract 

Understanding the relationships between plant, soil and water is essential for integrated agricultural water 

management. The natural variability exhibited by soil hydraulic properties poses severe challenges to model 

water movement through porous formations in cropped fields. A nonlinear root water uptake model coupled 

with 1D and 3D Richards Equation is used to simulate soil moisture dynamics. Soil hydraulic parameters were 

collected at 10 cm depth and soil moisture was measured by capacitance based soil moisture sensors at different 

depths. The purpose of this study is to evaluate the performance of different soil moisture simulation models 

(Num-1DST, Num-1D, and Num-3D) for simulating soil moisture under field conditions for wheat crop in the 

Indo-Gangetic Plains. Observed soil moisture values are compared with simulated data using statistical indices 

such as coefficient of determination (R
2
), root mean square error (RMSE), and the normalized root mean square 

error (NRMSE).  

Keywords: soil moisture, cropped fields, numerical simulation, Richards Equation 

1. Introduction

Soil moisture is an important component of the water cycle even though it shares a tiny fraction in the 

global water balance (Gleick 1996). Information on soil moisture and its spatio-temporal dynamics is 

required to understand its role in streamflow and runoff generation, crop yield estimation, and carbon 

exchange and global climate (IPCC 2013; Rossato et al. 2017). As a result, understanding the 

dynamics of soil moisture and improving the accuracy and scale of its measurement will be 

instrumental for harvesting its benefits and better management of the environment.  

Since soil moisture observations are collected from sparse in situ networks or satellite swaths its 

spatial and temporal coverage is limited (de Lannoy et al. 2016; McColl et al. 2017). Spatially and 

temporally continuous soil moisture estimates at a specific space and time frame and varying depths 

can be obtained from numerical simulations. Since it is a fast and inexpensive approach numerical 

models are increasingly used for analyzing soil water movement and contaminant transport processes 

in the vadose zone. However, since models are always simplified and prone to errors due to 

limitations of our knowledge of physical processes and its representation (de Lannoy et al. 2016), its 

performance has to be examined with a measured data. The performance of the models should be 

assessed under different conditions to use them for designing purposes (Honari et al. 2017), and the 

data used for analysis should be "representative" of the various phenomena experienced by the system 

(Gupta and Sorooshian 1985). The length and information content of a time series data have a critical 

effect on the model parameter identification and model performance (Singh and Bárdossy 2012). And 

Singh and Bárdossy (2012) stressed that if a model works well in critical periods it also works well 

for any other periods. 

Limitations related to the physical model hypotheses, mathematical approximations, numerical 

discretization, and soil hydraulic parameters spatial heterogeneity increases the uncertainty in 

physically-based models (De Maet et al. 2015). 3-D subsurface flow models are often abridged to 

their 1-D forms to simplify the theoretical analysis and quantitative computations. The streamtube 

approach assumes the 3-D soil field as a collection of independent pipes with vertical flow only. The 

essence of this method lies in its fast and accurate numerical solutions in highly heterogeneous soils 

while retaining the details of the underlying physical models observed in one-dimensional solutions 

(Thiele 1994). The one-dimensional subsurface flow model provides faster run times and is generally 
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versatile and less prone to numerical instability in simulating extreme conditions, such as flow into 

very dry soil, and has been popularly used for modeling water movement in agricultural fields. 

Though three-dimensional model is computationally intensive, it allows lateral movement of water 

fluxes and may represent water movement in 3-D cropped fields more realistically, compared to the 1-

D model. 

Most studies on soil moisture dynamics have been done on a laboratory scale and steady conditions 

because of flow complexity due to soil hydraulic parameters spatial variability at the field scale 

(Honari et al. 2017). Models vary with their input data requirement, output accuracy, and efficiency. 

Therefore, a comparison of models needs a tradeoff between these variables. Besides, models 

comparison may lead to better judgment and decisions about applying them in practical applications. 

The overall goal of this study is to examine the performance of the streamtube approach, 1D and 3D 

numerical models to simulate soil moisture movement in agricultural cropped fields.  

2. Materials and Methods

2.1 Field Experiments

Field experiments were done on an agricultural plot (20x30 m
2
) covered with a wheat crop located at 

the Indian Institute of Technology Kanpur, India. The plot is divided into 18 subplots with a size of 11 

m
2
 each. Undisturbed soil samples were collected at the center of subplots at 10 cm depth to 

determine soil hydraulic parameters. Volumetric soil moisture content was measured using SM100 

and SMEC300 soil moisture sensors (manufactured by Spectrum Technologies, Inc., Plainfield, IL, 

USA) in each plot at 10, 25, 50, and 80 cm depths and WatchDog 1000 series Micro Station 

(manufactured by Spectrum Technologies, Inc., Plainfield, IL, USA) was used to record the data with 

a 15-minute time interval.  

Climate data required for computing evapotranspiration were collected by automatic weather station 

(AWS) installed in the experimental field and daily ET was computed using the FAO 56 Penman-

Monteith (Allen et al., 1998) method. The partition equation (Shankar et al., 2012) was used to split 

between evaporation and transpiration components.  

2.2. Numerical Setup 

The Richards equation, which is a combination of the Darcy-Buckingham flow equation and the mass 

conservation equation, is a highly nonlinear partial differential equation that requires a numerical 

solution (Richards, 1931). It is the governing equation for flow in the unsaturated zone. The 3-D 

mixed-form of the Richards equation for a homogeneous and anisotropic porous media is: 

 
      1x y zK K K S

t x x y y z z

    
  

            
                     

(1) 

where     is the moisture content (
3 3L L );  xK  ,  yK  and  zK  are unsaturated 

hydraulic conductivities (
1LT 
) in the x-, y-, and z-directions, respectively; ψ is the soil moisture 

suction head ( L ); and S  is the root water uptake term (
3 3 1L L T 

).  

A root water uptake model is coupled to the Richards equation to simulate soil moisture dynamics in 

cropped agricultural fields. In this study, the Ojha and Rai (1996) nonlinear root water uptake model 

was coupled to the Richards equation.  
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where jT is the potential extraction rate on the 
thj day; z  is the depth from the soil surface; zrj is

root depth on the 
thj day;   is the nonlinear parameter which is 1.62 (Shankar et al., 2012); rmaxz is

maximum rooting depth; w is suction head at wilting point; fc is suction head at field capacity;

and amc is suction head at available moisture content.

Since Richards equation is an open form equation constitutive equations are required to solve it. In the 

present study, the model proposed by van Genuchten (1980), which relates the independent parameter 

suction head with soil moisture and hydraulic conductivity, was used.  

2.3 Models for Soil Moisture Simulation 

In this study, we used three different numerical models to describe soil moisture dynamics in cropped 

agricultural fields: Num-1DST, Num-1D, and Num-3D. The mixed-form of 1-D and 3-D the Richards 

equations were solved using Dogan’s (1999) approach.  

a) Num-1DST

This scheme was implemented to estimate mean soil moisture at different depths using the streamtube

approach considering the variability of soil hydraulic parameters and irrigation water application at

each subplot. The flow domain has 2 m depth with a grid size of 0.01 m.

b) Num-1D

The governing equations describing vertical soil water movement in variably saturated soils in this

model is the one-dimensional Richards equation. This scheme was implemented to estimate mean soil

moisture at different depths using the mean values of soil hydraulic parameters and irrigation water

applications from 18 subplots. Similar to Num-1DST the 2 m flow domain has a 0.01 m grid size.

c) Num-3D

The 3D flow field was implemented to estimate mean soil moisture at different lateral and vertical

points using the mean values of soil hydraulic parameters and irrigation water applications from 18

subplots. it has a dimension of is 20x20x2 m
3
 and grid size of 0.2, 0.2, and 0.01 m along the x-, y-,

and z-directions.

2.4 Initial and Boundary Conditions 

Data used for the initial and boundary conditions were obtained from the same agricultural plot 

mentioned above. The initial conditions were fixed based on the suction head corresponding to the 

observed mean soil moisture content at the four depths. The upper boundary condition switches 

between prescribed flux and constant head boundary conditions depending on the availability of water 

on the surface. It is also assumed that any water beyond the maximum ponding depth will be runoff, 

and will not be considered in the analysis. No-flow conditions were assumed for the vertical planes, 

and a free gravity drainage boundary condition was assumed at the lower boundary.  

2.5 Analyzing Performance of Models 

Coefficient of determination (R
2
), relative error (RE), root mean square error (RMSE), and 

normalized root mean square error (NRMSE) were selected for the analysis. 
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3 Results and Discussion  

3.1 Comparison of Simulated and Observed Soil Moisture 

Figure 1 shows the temporal variation of measured and simulated volumetric water content 

distributions. It is observed that the models performance varies with boundary conditions, land cover, 

depth, and crop growth stage. Overestimation of soil moisture was high in wet soils and in drying 

soils after crop maturity in all models, though the magnitude may vary, at the surface depth. The 

performance of all models was good at 25 cm depth than the surface depth, especially after crop 

maturity. However, all models underestimated moisture content at 50 and 80 cm depths. It is because 

the soil hydraulic parameters used for simulations were collected at 10 cm depth. 

Figure 1 Comparison of simulated and observed soil moisture content obtained using soil hydraulic 

parameters collected at 10 cm depth as an input in the numerical models. In the figure, Num-1DST: 1-

D numerical simulation with streamtube approach; Num-1D: 1-D numerical simulation using mean 

parameter values; Num-3D: 3-D numerical simulation using mean parameter values; Observed: mean 

soil moisture values observed at different depths. 

The relative error was more prominent at the surface depths and it was relatively small and negative 

(underestimation) at deeper depths under both crop covers. For example, despite slight variation 

between models, there was around 20% overestimation and 10% underestimation at 10 and 80 cm 

depths, respectively, during the fourth irrigation. The overestimations were higher during irrigation 

and the following days and underestimations were exhibited in drying soils at the surface depth. It is 

related to the fast response of models for boundary condition changes and the attenuating nature of the 

field. 
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3.2 Effect of Boundary Condition and Crop Growth Stage on Model Performance 

To examine how the performances of the models were affected by changes in the upper boundary 

conditions, three distinct periods with 11 successive days each under irrigation, evaporation, and 

rainfall boundary conditions were selected. Similarly, four periods with similar duration at initial, 

crop development, mid-season, and late-season stages were selected to investigate the effect of crop 

growth stages on the model performance.  

3.2.1 Effect of Boundary Condition 

The scatterplot of observed and simulated soil moisture content by different models under different 

boundary conditions is shown in Figure 2. The distribution of points around the 1:1 line considerably 

varies with depth and the difference was small between models. As shown in Figure 2a, d, and g, all 

the models overestimated lower moisture and underestimated higher soil moisture values, 

intermediate moisture values are better estimated at near-surface depths, and all values are 

underestimated at deeper depths. It is observed that the performance of all models was good at 10 and 

25 cm depths, and they were better at 25 cm depth than at 10 cm. It may be due to the high fluctuation 

at the surface depth and relatively attenuated moisture content at 25 cm depth. The predicting capacity 

of models reduced to an acceptable category at 50 and 80 cm depths. It is because the soil hydraulic 

parameters used were collected at 10 cm depth.  

Figure 2 Comparison of observed and simulated mean soil moisture content at different depths under 

different boundary conditions. In the figure, Num-1DST: 1-D numerical simulation with streamtube 

approach; Num-1D: 1-D numerical simulation using mean parameter values; Num-3D: 3-D numerical 

simulation using mean parameter values. 

The RMSE for the simulated and observed soil moisture content provides a quantitative measure of 

the goodness of fit between the measured and simulated values. The performance of Num-1DST was 

better than the other models under irrigation boundary conditions. The RMSE values were 0.0092, 
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0.0178, and 0.0184 (cm
3
/cm

3
), and the NRMSE values were 4.14, 6.29, and 6.68% in Num-1DST, 

Num-1D, and Num-3D, respectively, showing an excellent simulation at the surface depth. Despite 

the relative error, RMSE, and NRMSE values show the good performance of models, their R
2
 is very 

low at the surface depth. For example, Num-1DST, Num-1D, and Num-3D models can explain only 

14.12, 1.47, and 0.04% of the variability in the observed soil moisture, respectively. R
2
 values are 

very low because the variance within the simulated values is higher than the variance between the 

simulated and observed values (Achen, 1977). R
2
 increases with depth and it is related to the 

sensitivity of models for water application and the dampening of noise with depth.  

Similar trends were observed under rainfall boundary conditions as well. The changes observed here 

correspond to the difference in the amount of water applied between the two. Low and intermediate 

values were overestimated and higher values were better estimated in the latter at the surface depth. 

Since the noise within the simulated values is reduced in the rainfall boundary condition, the R
2 
values 

obtained were much higher. And Num-1DST can explain up to 68.01 and 84.27% of the variability in 

the measured moisture content at the surface and 25 cm depths, respectively. As shown in Figure 2c, 

f, and i, the variation between values was small at 25 cm depth. As a result, the relative errors were 

smaller at 25 cm than at 10 cm in all models. The performance of models at deeper depths was poor 

because the parameters used for simulation are collected at 10 cm depth. The models sensitivity to 

higher irrigation application becomes apparent when examining the effect of evaporation boundary 

condition (Figure 2b, e, and h). Num-1DST, Num-1D, and Num-3D simulated values can explain 

93.43, 72.91, and 60.97% of the variability in the observed moisture content at the surface depth. Soil 

wetness influences model performance. For example, lower values were under predicted, intermediate 

values were better predicted, and higher values were over predicted at the surface depth.  

All models performed relatively well, especially at 10 and 25 cm depths. The RMSE values range 

from 0.011 to 0.018 (cm
3
/cm

3
) for irrigation and rainfall boundary conditions, and from 0.0068 to 

0.0073 (cm
3
/cm

3
) for evaporation boundary condition at the surface depth. These values are small and 

within the recommended limit of 0.01-0.02 (cm
3
/cm

3
) for effective irrigation management based on 

soil water content sensing (IAEA, 2008). However, Num-1DST certainly has a better prediction 

capability when compared to the other two models. 

3.2.2 Effect of Vegetation Growth 

Suitable periods were selected at each growth stage when the effect of other factors, such as irrigation 

and high rainfall, was not significant to specifically investigate the influence of crop growth on the 

model performance. The crop season was divided into four growth stages: i) initial, ii) development, 

iii) mid-season, and iv) late-season stages. The duration considered for analysis in the initial stage

ranges between the third and the fourth weeks after sowing. The effect of transpiration was negligible

due to limited rooting depth and the role of evaporation is low due to the winter season. As shown in

Figure 3a, all models were able to simulate observed soil moisture at the surface depth. R
2
 was high

for all models, which ranges between 0.83-0.86, and the maximum and average deviations between

observed and simulated values was only 0.67 and 0.44%, respectively. The explaining power of the

models decreases with depths. However, Num-1DST, Num-1D, and Num-3D models can explain

71.81, 67.10, and 60.97% of the variability in observed soil moisture at 80 cm depth. It is due to the

reduced variability within the simulated values as compared to the upper depths, and its lower

variability relative to the observed values. Besides, very low RMSE values of 0.0039, 0.0064, and

0.0086 (cm
3
/cm

3
) and NRMSE values of 0.77, 1.13, and 2.04% in Num-1DST, Num-1D and Num-

3D, respectively, show an excellent prediction performance of models at the surface depth.

In the development stage, transpiration starts to overrule evaporation, and the leaf area index increases 

significantly under both crop covers as shown in Figure 3. Lower moisture values are better estimated, 

and the performance of models decreases with increasing soil wetness. Similar to the initial stage, 

Num-1DST was a better predictor but the difference between model estimations was small at the 

surface depth (Figure 3b). The performance of all models was low at 25 cm.  
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Figure 3 Comparison of observed and simulated mean soil moisture content at different depths in 

different growth stages. In the figure, Num-1DST: 1-D numerical simulation with streamtube 

approach; Num-1D: 1-D numerical simulation using mean parameter values; Num-3D: 3-D numerical 

simulation using mean parameter values. 

At the mid-season stage, the root system was fully developed, atmospheric demand was high, and the 

leaf area index was at its peak. All models overestimated lower soil moisture values and better 

estimated higher values. The scatterplot shows high variability between values as the intermediate 

values are distinctly overestimated (Figure 3c). As a result, the R
2
 of models was lower than in other 

growth stages. Although all models showed similar distribution along the 1:1 line, the Num-3D 

performance is lower which explains 42.05% of the variability in the observed soil moisture. It may 

be due to its sensitivity to water applications. The NRMSE values observed at this stage, which ranges 

from 5.33 to 7.12% for all models, revealed that the actual deviation between observed and simulated 

values is small and the models are performing well.  

The period selected from the late-season stage covers 84-94 days after sowing. All models performed 

better at higher values and overestimation increases with decreasing soil wetness at the late-season 

stage. As it is mentioned above, it may be due to the constant root depth assumption after crop 

maturity (Prasad, 1988). This deviation between observed and simulated values triggers a further 

study to clearly understand the relationship between temporal root length density distribution and soil 

moisture dynamics in wheat cropped fields. No significant variation was observed between the 

performance models. The RMSE values are 0.0212, 0.0216, and 0.0225 (cm
3
/cm

3
) for Num-1DST, 

Num-1D, and Num-3D, respectively, and are relatively high as compared to the preceding growth 

stages. However, NRMSE values are around 5.5% in all models.  
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4 Conclusions 

Three numerical models, Num-1DST, Num-1D, and Num-3D were developed and compared with soil 

moisture measurements in a wheat cropped agricultural field with soil heterogeneity. The effects of 

changes in land cover, boundary condition, and crop growth stage on the performance of models were 

examined. The soil moisture simulated using the numerical models was much reliable at near-surface 

depths when compared to deeper depths, indicating the strong influence soil hydraulic properties can 

have on model simulation. The dampening effect of depth was visible in both observed and simulated 

soil moisture content, and the sensitivity for changes in boundary conditions decreases with depth.  

All the models could predict the temporal and spatial distribution of water reasonably well, except on 

heavy rainfall or irrigation days. Num-1DST provided better performance under all boundary 

conditions and growth stages, as it considers the soil hydraulic properties at each subplot. Num-1D 

outperformed other models in the first three stages and Num-1DST excels over others at the last stage, 

suggesting that soil wetness influences model performance.  
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ABSTRACT 

Agriculture is the backbone of India which heavily depends on the change of climate in the country. A prolonged 

period of abnormally low rainfall, leading to a drought. Drought in India has resulted in tens of millions of deaths 

over the last three decades. Also, it becomes a big challenge to water resources, for the best water resource 

management drought forecasting is a must. As drought is a nonlinear parameter Artificial neural network(ANN) 

which is inspired by the human brain will be a good option to use. Drought indices that measure the degree of 

dryness can be calculated in ANN by Neural network type is feed-forward backpropagation algorithm and training 

with levenberg-Marquardt(LM) backpropagation algorithm for the selected study area. Here an attempt can be 

done to compare the results of actual and model output values and predict the efficient projection of drought. 

Keywords: Drought, ANN, feed forward back propagation, LM backpropagation. 

1. INTRODUCTION

A drought is defined as, an event of prolonged shortage of water supply, whether surface water or 

ground water and also if the rainfall values are less than the annual average rainfall values .The 

drought is not a physical occurrence it based on the weather change conditions. now a days the 

drought conditions is occurring for so many areas due to prolonged less rainfall values, The ultimatum 

of water has increased rapidly due to increase in agriculture, population and industrial zone but 50% of 

the populated areas are highly venerable to the drought in the world. So paucity of water leads to 

reduce the agriculture yields. The drought happens with lack of rainfall for prolonged period of time. 

Unlike the other natural disasters, drought evolves slowly with time because it take significance 

amount of time to come into effect with respect to their establishment. The Irrigation Commission of 

India defines drought as a situation occurring in any area where the average annual precipitation is less 

than 3/4th of normal precipitation. . IPCC forecasts the temperature will increase by 2.7-4.3 °C all over 

India by the 2080. Here, temperature is the main parameter to estimate drought , by observing the 

above conditions the drought climate change parameters increases rapidly in many areas. 

The prediction of drought plays an important role not only in water resources management but also 

in agriculture, socio economic planning and social planning. This drought forecasting system is 

important task to planners for storage of water and to avoid the threat response and this forecasting 

gives warning bell to future water management. The farmers are victims to this drought, so forecast is 

the important tool for managing the crop production, livestock and soil harvesting. These is 

responsible for controlling water bodies and groundwater. 
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In this paper drought forecasting is calculated by using of artificial neural network(ANN) and 

standardized precipitation index(SPI) models and this drought is categories by using SPI. here, 

artificial neural network is used to create different models which forecast the model values of monthly 

rainfall of rayalaseema region and then by using SPI the drought is categorized. The given input data 

set has the parameters, which effect the rainfall is average temperature, relative humidity, wind speed. 

The results obtained from all the ANN models and then compared with actual value . 

1.1 Artificial neural network : 

Actually this artificial neural network is described from the human neural nervous system as 

how neurons are interconnected with each other likewise in ANN and human neural system 

interconnections signals are provided to remember output likewise in artificial neural network gets 

one output. To get output or remember human nervous system is faster than this software. But 

human nervous system has 60 trillions of interconnections and by using software we should do 

some level extent. ANN comprises of network of several basic elements that are operating in 

parallels known as neurons and the parallel connections are called layers which are basically 

interconnected and form a structure. ANN is a close replica to human brain or biological nervous 

system. The ANN has three essentials 1)neuron 2)architecture 3)learning paradigm the 

combination of neurons form a layer and this neurons describes how many input and output 

variables and combined of layers form a architecture. The learning paradigm consists of supplying 

the network with an example set and change their weights refers to the method of network weights 

upto the network is able to represents the good relationship between model and actual values. 

Adjusted the structure is considering here is first layer represents the input layer which takes data 

input variables and then last layer represents the output layer which takes data output variables 

and then hidden layer is between input and output layer each layer has some neurons that are 

related to weights and bias. Actually there are so many neural network types and training 

algorithms.But in this paper, feed forward backpropagation neural network type is used and 

training algorithm, levenberg marquardt is used here. The levenberg marquardt algorithm is a 

reform of the classic newton algorithm for finding an optimum solutions to a minimization error 

problem.This algorithm is faster and less time taking. This LM algorithm introduces to another 

approximation to hessian matrix by combining the update rule of the gauss newton algorithm and 

hessian matrix then actually in the LM training algorithm expression jacobian matrix and some 

parameters are there so this ‘TRAINLM’ take less time for iteration. 

1.1.1 Feed forward backpropagation: 

Feed forward neural network have been applied to many different problems. This 

algorithm has advantage of error backpropagation, this algorithm can be viewed as the popular 

least mean square (LMS) algorithm. In this algorithm we have to do procedure as like the input 

signal propagates through the network in a feedforward directed layer by layer like input layer to 

hidden layer and then hidden layer to output layer by considering the input variables ,weights and 

bias are passed through activation function, if that model value and actual value is not fit then 

algorithm itself defines the rule to propagate the error back from output to input layer and adjusts 

weights, along with this backpropagation can be expressed as below. 
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Figure 1 ANN Diagram 

P1, P2, P3 are the input neurons, where R is the number of input element vectors 

W=weights; b= bias. 
The neuron has a bias (b), which is summed with the weighted inputs to form the net output n. The net 

input n is the argument of the transfer function(f).is expressed as 

(1) 

This expression can, of course, be written in MATLAB® code as 

n = W*p + b (2) 

1.1.2  Standardized precipitation index : 

The standardized precipitation index(SPI) is recognized for drought index by considering 

precipitation. This SPI is able to take into account the different time scales at which the we observe 

drought conditions and it is suited to compare drought conditions among different time periods. 

McKee designed the SPI in 1993 to be a simple, this SPI is based only on precipitation. This drought 

index SPI is based on rainfall based indicator by using the formulae we get one single numerical value 

by that value, The SPI negative value is considered for drought and positive value is indicated for wet 

condition. Actually there are various indicators to measure metrological,agricultural and hydrological 

drought depending upon various parameters. So SPI is the most generalized used indicator because it 

is depends on one parameter. The design of SPI is such that it has the ability to simultaneously 

indicate flood like situation on at least one time scales and drought like situations in different time 

scales. It is observed that generally in a short time scales, soil dampness conditions ,dam storage, 

stream flow, and ground water reflects the long term rainfall abnormalities. The SPI for 3,6,12,24, and 

48 time frames was calculated by Mckee (1993). Only rainfall value is required for computation of the 

index. Calculation of the SPI for a specified time period at any location requires a long term monthly 

precipitation database with 30 years or more data and the formulae is different between precipitation 

value and average precipitation whole divide by standard deviation. The drought indicator SPI is 

adjusted in such way that it follows a Gaussian distribution with unit variance and zero mean by using 

the SPI values. we conclude that the wet and dry conditions it is the simple drought index compared to 

other drought index the index is calculated as shown in the equation below. 

SPI=(Pi-Pavg )/s.d  (3) 

Pi=precipitation value. Pavg=mean value. 

s.d=standard deviation of rainfall data.

n = f(w1,1.p1 + w1,2.p2 + ... + w1,R.pR + b)          
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Table 1 SPI values and drought category 

SPI Values Drought category 

≥2.0 Extreme wet 

1.49 to 1.99 Severe wet 

1.00 to 1.48 Moderate wet 

0.49 to 0.99 Mild wet 

-0.48 to 0.48 Near normal 

-0.99 to -0.49 Mild drought 

-1.48 to -1.00 Moderate drought 

-1.99 to -1.49 Severe drought 

≤ -2.0 Extreme drought 

2. LITERATURE REVIEW:

Enireddy Vamsidhar et. Al(2010) in this study they presented the prediction of rainfall by using 

backpropagation method.In this paper feedforward algorithm is used to find the amount of rainfall 

level. The input variables are humidity,pressure,dewpoint. 

Sudipta K. Mishra and Naresh Sharma(2018) in this study they presented the forecasting of rainfall 

using backpropagation neural network type.In this paper LM and Bayesian regulation algorithm are 

used. NARX network type is used here, the next value of output is depend on previous values of 

output and exogenous input(temperature).Based on mean square error values which algorithm is better 

have to decided in first case Bayesian regulation algorithm is used due to minimum MSE value is 

observed and in second and third case levenberg marquardt algorithm is observed of lowest MSE 

value. 

Cancelliere•G. Di Mauro•B. Bonaccorso•G. Rossi(2007) in this study they presented the Drought 

predicting by using the Standardized Precipitation Index to prediction of future SPI values on the 

basis of past precipitation, are presented. Analytical expressions of the Mean Squared Error of 

prediction are also presented, which enables one to derive confidence intervals for the forecasted 

values. 

E G wahyuni, L M F fauzan, F abriyani, N F muchlis(2018) in this study they predict the rainfall in 

backpropagation method.This network is designed with 4 input variables are wind speed, temperature, 

sunshine duration and relative humidity, and 3 output variables are high rainfall ,medium rainfall and 

low rainfall, can be used properly in this network to prediction of the system precipitation is the same 

as the results of manual calculation. 

Akash D Dubey(2015) in this study, ANN models were trained using the input data. There were total 

12 ANN models, for training purpose using the 800 data samples.the validation purpose 200 data 

samples are used and testing of the neural networks were done using 200 data samples. For a network 

to be more accurate, the mean squared error(MSE) has to be as small as possible. In this paper neural 

network type is used are feed forward back propagation, layer current and feed forward distributed 

time delay. And in each neural network type the training functions are used, TRAINRP and 

TRAINLM . and the adapative learning functions are LEARNGD and LEARNGDM respectively. 

The better minimum MSE is obtained for feed forward distributed time delay neural network type.in 

this paper comparison between actual and model data. 

3. STUDY AREA

Andhra Pradesh consists of two regions coastal area and rayalaseema area. Rayalaseema region lies

between 12° 30' N and 16° 30' N latitudes and 76° 30' E to 79° 55' E longitudes. Rayalaseema has

four districts anantapur, chittoor, cuddapah, Kurnool and revenue mandalas are 234 covering an

geographical area of 67,298 sq kms. Actually It is an economically backward region of Andhra

Pradesh compared to coastal Andhra. This region is declared as famine zone of south India. Due to
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reducing of rainfall in this region so the drought is considered as permanent guest to this region. From 

past years in andhrapradesh, rayalaseema region is known as stalking ground of famines. Other name 

of rayalaseema, is rathanalaseema but so many peoples and investigators called as rallaseema to this 

regions due the drought conditions and erratic of rainfall. Jaisalmer district of Rajasthan is driest part 

in india followed by anantapur district in rayalaseema region. The rayalaseema region of Andhra 

Pradesh is a landlocked region. It barely receive rainfall from both north east and south west 

monsoon. The main disadvantage of this arid region is that rainfall receives 75% less than of normal 

rainfall of every year. In this region the mean maximum temperature is observed as 45 degrees and 

the mean minimum temperature is 24.6 degrees.By studying various papers one can observe the 

drought years in the Rayalaseema region since 1995 are 

1999,2001,2002,2003,2004,2005,2009,2010,2011,2012. By average, for every three years drought 

will occur in the rayalaseema region. 

Figure 2: study area of rayalaseema region. 

4. Data Collection:

Data collections from India meteorological department(IMD) and the SWAT TAMU websites, 

information like average rainfall and temperature are collected from IMD. Relative humidity, wind 

speed is collected from SWAT TAAMU, this data is from (1979 – 2013) years, for all the points in 

the region. 

5. Methodology:

5.1 Artificial neural network(ANN): 

ANN is one of the tool in matlab software, by using the tool we have to predict the rainfall and SPI 

values. ANN has so many algorithms but in this paper feed forward backpropagation neural network 

is used and in training algorithm levenberg marquardt is used. In this feedforward backpropagation 

neural network type, for forecast they are two steps 1) forward step 

2) backward step.

5.1.1 Forward step: In this forward step the input data in the network is propagated to the hidden

layer by connection of weights and bias and then propagated to output layer then the network error is

computed.

5.1.2 Backward step: In this backward step the error is made by the network then backward

direction is propagated and then weights are updates accordingly up to the minimization of error.

For this study, three input parameters were average temperature, wind speed and relative humidity. A
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dataset was collected, which extended from 1979 to 2013. For the training purpose 75% data is 

collected while for validation 15% data were taken and for testing purpose 15% data were taken. The 

input and output data are separated in Microsoft excel and are stored in workspace of matlab R2020a 

software. The ANN toolbox is opened in matlab software by giving ‘nntool’ command and the input 

and output data are copyed from workspace into input variable and output variable respectively. The 

training of data helps the network to adjuste according to its errors and the validation of data helps to 

measure network generalization, and to halt training when generalization stops improving. And when 

the training the data is overfit then validation stops because the weights are suitable to training data 

only and for validation it is not suitable because of overfit of data and the testing data have no effect 

on training and so provide an independent measure of network performance during and after training. 

In this paper feedforward backpropagation neural network is selected and training algorithm 

‘TRAINLM’ is selected. Number of neurons have to be chosen and neural network type is created. 

In this algorithm the logical steps for training a neural network with supervised learning creates a 

structure of set of input neurons and hidden neurons, output neurons and initialize the weights and 

bias of the neural network to random values. At hidden and output layer sigmoid activation function is 

used in this paper. In this process feedforward phase and backpropagation phase will occur in 

feedforward backpropagation algorithm. Feedforward phase propagates from the input to output layer 

in this phase, input pattern are extracted at random from those variables by giving weights and bias to 

that 

input variable, next neuron value is obtained like this. The above procedure is done upto output layer. 

After that the model value and actual value are compared, if more errors occur then have to go to 

backpropagation phase (i.e. from the output to input layer). In backprogation phase corrections are 

calculated for the weights by solving partial differential equation and corrections are applied to the 

weights of the layer, like this weights are changed in the cycle until the error is minimum or specified 

number of iterations are completed. Levenberg – Marquardt algorithm is specifically designed to 

minimize sum- of-square error functions the updated weight as mathematically computed below. 

(4) 

The mean square error is the average squared difference between model and actual values. Lesser 

mean square values are well. Regression R analysis is performed to measure the correlation between 

model and actual values. In the process of training of data the calculation stops when MSE<0.01 or 

epoch is 1500, in this training of data mean square graph and then regression coefficient are to be 

observed value, and regression coefficient value should be nearly equal to one. 

(5)

(6)

Simultaneously, the regression values for training, validation and testing samples were 

checked. If the regression value is not close to 1, then using trial and error method, bias and 

weights of the ANN is set again and the whole computation is performed again until 

regression value reach close to 1.And then plot the regression values in training and testing. 

By using this ANN the model precipitation values are obtained and based on the single value 

precipitation using the standardized precipitation index (SPI) drought categories are obtained. 

Based on the drought category+ies comparison between model and actual values is done. 

6. RESULTS

In this model hidden layer size is taken as 10. Neural network diagram is shown in the given 

𝑤𝑛+1 = 𝑊𝑛 − (𝐽 ⋅ 𝐽′ + 𝜇 ⋅ 𝐽)−1 ⋅ 𝐽𝑘 ⋅ 𝑒𝑘

Mean square error (MSE),𝐸 =
1

2
∑ (𝑇𝑘 − 𝐴𝑘)2

𝑘

Coefficient of regression, 𝑅 = √1 −
∑ (𝑦0−𝑦𝑝)

2𝑛

�̇�=0

∑ (𝑦0−
𝛴𝑦0

𝑛
)

2
𝑛

𝑖=0

179



figure 

below. In the following figure there are 3 input neurons, these 3 input neurons represent three 

input variables. At output layer one neuron is there which represents the model value. The 

hidden neurons are selected based on the error values. If the regression value is good in 

training set and the test set value is worse which could indicate the overfitting, then reduce 

the number of neurons can improve the results. If training performance is poor then increase 

the number of neurons. 

Figure 3 Neural Network Diagram 

Figure 4 Regression Graph of monsoon season. 
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Figure 5 performance graph 

While running the model, as neural network type feedforward back propagation is used. As the 

training function TRAINLM algorithm is used, and as the adaptive learning function LEARNGDM is 

used. At hidden layer and output layer Tansigmoid activation function is used, this activation function 

is used to control the flow values of output. Minimum gradient value is taken as 1e-07 in this model, 

the μ value is taken as 0.001, and maximum epochs are 1000. 

Here some regression graphs are shown above. The regression plots show network comparison of 

outputs with respect to model values for training, validation and test sets. For a perfect fit, the data 

should fall along 45 degree line, then this problem is fit reasonable good for all data sets, with R value 

in each case 0.90 or above. In the below regression figures for training, validation and testing 

regression values are greater than 0.9, so this model shows the model output value is approximately 

equals to actual values. Likewise, for every month regression values are greater than 0.9. By 

observing the below graphs of regression and performance, model output values are collected and, 

then comparison between model output values and actual values is done. The performance graph 

shows above that mean squared error is nearly equal to zero. 
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Figure 6 Comparison of model output values and actual values of monsoon seasons. 

From ANN precipitation model values are calculated, and then by using standardized precipitation 

index (SPI) the drought values are categorized. Based on categorized values drought years are 

identified in Rayalaseema region. In order to measure yearly precipitation, shortfalls inconsistence on 

a 12 month scale for the period 1979 to 2013 in this study area. The evaluation of SPI values is done 

on an annual timescale. The computed value of SPI categorizes rainfall occasions as moderate/typical, 

low/deficiencies rainfall for Rayalaseema region. The graphs shown below show comparison of 

model drought categorize values and actual drought categorize values of Rayalaseema region 

Figure 7 Comparison of ANN and actual SPI values. 

7. Conclusion:

Actually by using the feed forward backpropagation network type and by training with

‘TRAINLM’ in ANN, precipitation values are forecasted in Rayalaseema region. By using the

standardized precipitation index formulae drought is categorized and the SPI values are

considered as model drought SPI values and then ANN model values and actual values are

compared, here it is observed that ANN model values are approximately showing actual
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values ,so this model is fitting properly without any large errors. From this model based on 

SPI values during 1979 to 2013 it is categorized as moderate drought, severe drought, 

abnormally drought, normal dry. 

Mild drought years : 1984,1985,1987,1989,1994,1997,1999,2001,2006,2012,2013. 

Moderate drought years: 

1980, 1982,1986,1992,2002. 

Severe drought years:2003. 

By observing the above conditions of drought years, on an average for every three years drought 

will occur in the rayalaseema region. Future work is to forecast the 5 years drought values by 

using the above weights and bias. 
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Abstract 

Optimization of sewerage system design has been a current research area. For different alternative designs of a 

layout, the invert level of last sewer may be different, requiring different depths of sump well and consequently 

pumping cost at the sewage treatment plant (STP) would be different. The objective function normally chosen for 

minimization of cost of sewerage system is without including pumping cost at the STP. In this paper the 

optimization of cost of sewerage system has been attempted including pumping cost at STP. This paper compares 

two types of problem by a case study of Fatehpur sewerage system in District Sikar, State Rajasthan, India. First 

one (Type I) is the optimization of sewerage network with pumping cost at STP included in the objective function 

and the second one (Type II) is optimization of the cost of sewerage network without including pumping cost at 

STP in the objective function and adding the pumping cost at STP to optimized cost to get the total cost. The 

optimization method used is Modified Particle Swarm Optimization (MPSO). Comparison of these problems 

indicates that the Type I objective function gives about 0.2% less cost than the Type II for the problem selected. 

Keywords: Optimization, Sewerage System, PSO, Pumping 

1. Introduction

Sewerage system is one of the important infrastructures of a city. It hampers the all-round growth of the 

society if not handled properly. Sewerage system means the collection of the wastewater from different 

sources and its safe conveyance to the Sewage Treatment Plant (STP). The collection of the sewage is 

achieved through a network of sewer pipes layout so selected that normally gravity flow is maintained 

with self-cleansing velocity in the sewers, and overflowing of sewage is avoided. After the last manhole 

the pumping arrangement must be provided so that the sewage can be sent to the STP normally 

constructed at nearly ground level. Due to the preference given to gravity flow over pumped flow the 

cover depth to the last sewer increases to such an extent that there is significant head available for 

pumping the sewage to STP. So, for different designs of fixed layout the pumping head is different and 

so is the pumping cost. Pumping head is one of the factor on which total cost of the system which 

includes pumping cost depends. This paper deals with the total cost of the system which includes the 

cost of sewers, earthwork, manholes and the capitalized cost of pumping sewage at the end of sewerage 

system to the STP. The capitalized cost of pumping at STP is included in the objective function because 

the different designs may have different invert levels at last node. Due to this pumping cost required for 

different designs would be different. But when the capitalized cost of pumping is included in the 

objective function boundary conditions of all designs are same and optimization would truly compare 

all designs. The main focus of the study is the inclusion of the capitalized cost of pumping at STP in 

the objective function. The main factors on which capitalized cost of pumping depends are the flow to 

be pumped, pumping head and the length of the rising main. For a fixed layout the flow to be pumped 

would be same. The length of the rising main and the pumping head depend upon the location of the 

pumping station. It means the capitalized cost of pumping station at STP depends upon the location of 

the STP. A general case has been taken in this paper for showing the reduction in the total cost of the 

system by inclusion of capitalized cost of the pumping station at STP which is located at 30 m away 

from the last sewer. The ground level of the STP is considered as same as the ground level of the last 

node. In practical situations length of rising main may be different and the ground level may also be 

different. So, its contribution in reduction in total cost of the system may also be different.  

Many researchers have worked on the optimization of sewerage system. But no research has been 

reported in the literature on the optimization of sewerage system including pumping cost at the end of 

sewerage system. Though intermediate pumping has been considered by some researchers. Haghighi 
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and Bakhshipour (2012) had proposed the optimization of sewerage system including intermediate 

pumping cost using Adaptive Genetic Algorithm. They derived the construction cost of pumping station 

as a function of discharge. Later on Haghighi and Bakhshipour (2015) proposed a loop by loop cutting 

algorithm for the design of sewage network layout and Tabu Search method was used for the 

optimization of fixed layout sewerage system. They have considered the construction cost of pump 

station as a function of pumping head and flow rate. Rohani and Afshar (2015) have optimized the 

pumped sewer network using a Genetic Algorithm- Genetic Hybrid Cellular Automata (GA-GHCA) 

model. They proposed the model with two approaches. In the first approach GA model gives the pump 

locations and its pumping heads, while GHCA model optimally determines the other parameters of 

sewerage system like diameter and nodal cover depths of the sewer pipes considering the predefined 

pump locations and their pumping heights defined by GA. In the second approach the GA is used for 

determination of pump locations in the network only and GHCA is used to determine pipe diameters, 

pipe nodal cover depths, and the pumping heads of the pumping stations selected by the GA. They 

included the operation cost of intermediate pumping in the objective function. Tian, Cheng, and Gong 

(2017) proposed a subsystem nonlinear programming model to optimize the pumping station layout and 

sewer pipe network design. Subsequently the subsystem model was expanded to large scale complex 

nonlinear programming system model to find the minimum total annual cost of the pumping station and 

the sewer network.  

Navin and Mathur (2016a) have used Modified Particle Swarm Optimization (MPSO) for the 

component size optimization of sewerage system and concluded MPSO as a powerful technique for the 

optimization of sewerage system. Navin and Mathur (2015) have applied Kruskal’s Algorithm for the 

layout generation of sewerage system from base graph. The spanning trees generated from the base 

graph used the length of sewer as the weight of the edges and were arranged in ascending order to get 

the minimum spanning tree. But the minimum spanning tree need not be the optimal layout of the 

sewerage system so Navin and Mathur (2016b) developed a method for solving the problem of 

simultaneous optimization of layout and component size of sewerage system. In this method the sorted 

spanning trees generated above were arranged in ascending order of total cumulative flow and all the 

layouts were optimized individually by MPSO for sewer component sizing. It was observed that the 

optimal sewer layout for the total system optimization corresponds to the layout whose total cumulative 

flow is minimum. However, the sewer network used by them was without including pumping cost at 

the STP. 

Diogo et al. (2000) also proposed a model to optimize the layout and components of the sewerage 

system simultaneously. It selects the optimal location for pumping systems and outfalls or wastewater 

treatment plants. It was done in two basic optimization levels: in the first level, general layouts of the 

sewerage system are generated and transformed until a convergence criterion is reached, and in the 

second level, each forest is designed and evaluated. The global strategy adopted combines and develops 

a sequence of optimal design and plan layout subproblems. Dynamic programming is used as a very 

powerful technique, alongside simulated annealing and genetic algorithms, in this discrete 

combinatorial optimization problem of huge dimension. 

Moeini and Afshar (2019) had hybridized Ant Colony Optimization Algorithm (ACOA) with Nonlinear 

Programming (NLP) for optimal design of sewer networks. The ACOA was used to determine pipe 

diameters and the NLP was used for slope of pipes by proposing two different formulations. In the first 

formulation, named ACOA-NLP1, a penalty method was used to satisfy the problem constraints while 

in the second one, named ACOA-NLP2, the velocity and flow depth constraints were expressed in terms 

of slope constraints which were easily satisfied as box constraint of the NLP solver leading to a 

considerable reduction of the search space size. In addition, the assumption of minimum cover depth at 

the network inlets is used to calculate the nodal cover depths and the pump and drop heights at the 

network nodes, if required, leading to a complete solution. The total cost of the constructed solution 

was used as the objective function of the ACOA, guiding the ant toward minimum cost solutions. 

Proposed hybrid methods were used to solve three test examples, and the results were presented and 

compared with those produced by a conventional application of ACOA. The results indicate the 

effectiveness and efficiency of the proposed formulations and in particular the ACOA‐NLP2 to 

optimally solve the sewer network design optimization problems. 

All the literatures available for the optimization of sewerage system with pumping deals with the 

intermediate pumping cost. None of the researchers have considered the pumping cost at the end of the 
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sewerage network i.e at STP. This paper has shown the importance of inclusion of pumping cost at STP 

in the objective function. This paper compares two types of problem by a case study of Fatehpur 

sewerage system in District Sikar, State Rajasthan, India. First one (Type I) is the optimization of 

sewerage network with pumping cost at STP included in the objective function and the second one 

(Type II) is optimization of the cost of sewerage network without including pumping cost at STP in the 

objective function and adding the pumping cost at STP to optimized cost to get the total cost. There 

may be several optimization methods for tackling the present problems. But, the optimization method 

used in this paper is Modified Particle Swarm Optimization (MPSO). The comparison among various 

optimization methods have not been shown here because the main objective of this study is to show the 

reduction in total cost of the sewerage system when the capitalized cost of pumping at STP is included 

in the objective function. 

2. Methodology

2.1 Hydraulics for Gravity Flow 

For a given discharge Q (in cumecs), the diameter, slope of the sewer and depth of flow may be 

calculated which satisfy the hydraulics of sewer. The governing equations are as follows: 

Velocity:- The flow in the sewer pipes follows the Manning’s equation 

𝑉 =
1

𝑛
𝑅2 3⁄ 𝑆1 2⁄ (1) 

Where, 𝑉 = velocity of flow in m/s, 𝑅 = Hydraulic mean depth in m, 𝑆 = slope of sewer and 𝑛 = 

Manning’s coefficient of roughness. The depth of flow is calculated by an expression given by A. Saatci 

(1991) which is given by Eq. (2). 

𝜃 =
3𝜋

2
√1 − √1 − √𝜋𝐾 (2) 

Where, 𝐾 is a constant, and the value of 𝜃 is in radians. The equation gives good result for 𝜃 upto 4.625 

radians (265 degrees). The value of 𝐾 is calculated using Eq. (3):  

𝐾 = 𝑄𝑛𝐷
−8

3⁄ 𝑆
−1

2⁄ (3) 

Once the value of 𝜃 is known Eq. (4), Eq. (5) and Eq. (6) may be used to determine other flow 

parameters. 

𝑑

𝐷
=

1

2
(1 − 𝑐𝑜𝑠

𝜃

2
) (4) 

Where, 𝑑 is the depth of flow in m, D is the diameter of sewer in m and 
𝑑

𝐷
 is depth ratio. 

𝑅 =
𝐷

4
(

𝜃 − 𝑠𝑖𝑛 𝜃

𝜃
) (5) 

𝑎 =
𝐷2

8
(𝜃 − 𝑠𝑖𝑛 𝜃) (6) 

Where, 𝑎 = flow area (m2). 

2.2. Hydraulics for Pumped Flow 
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The lifting of sewage from sump well to the sewage treatment plant is done by sewage pumps of 

required capacity.  The design period of sewerage system in India is taken as 30 years. The pumps are 

provided in two phases. Phase 1 is to meet the requirements for first 15 years and Phase 2 is for next 15 

years.  The total pumping head required is sum of static head, frictional head and minor losses. 

The static head is the difference between the level of the discharge point after pumping and the bottom 

level of the sump. The frictional head is calculated by the Hazen William’s formula given by 

ℎ𝐿 = 10.68 ∗
𝐿

𝐶1.85
∗

𝑄𝑝
1.85

𝐷𝑝
4.87

(7) 

Where ℎ𝐿 is the frictional head loss in meters, 𝐿 is the length of the rising main in meters, 𝐶 is Hazen

William’s Coefficient, 𝑄𝑝 is the discharge in the rising main in cumecs and 𝐷𝑝 is the diameter of the

rising main in meters. Minor losses are taken as 10% of the frictional head loss.  

Power required for the pumps to operate against the total head is given by the Eq. (8): 

𝑃 =
𝑄𝑝

1000
∗

1

102
∗

1

𝜂
∗

24

𝑋
∗ 𝐻 (8) 

Where 𝑃 is the power required in kW, 𝜂 is combined efficiency of pumping set, 𝑋 is hours of pumping 

and 𝐻 is the total head in meters. 

Cost of pumps is the present cost of pump of required capacity and 50% standby. The rising main cost 

is simply the cost of commercially available pipe diameter according to the length of the pipe. The 

annual energy charge (𝐴) in Rupees is given by the following equation. 

𝐴 = 𝑃 ∗ 𝑋𝑎𝑣𝑔 ∗ 365.25 ∗ 𝐸 (9) 

Where 𝑋𝑎𝑣𝑔 is the average pumping hours in a day and 𝐸 is the energy charges in Rupees per kW-h.

The annual energy charge is capitalized for calculating the present cost for Phase 1 and is given by Eq. 

(10). 

𝐶𝐸1 =  
1

𝑟
∗ (1 −

1

(1 + 𝑟)15
) ∗ 𝐴 (10) 

Where 𝐶𝐸1 is the capitalized energy charge in Rupees for phase 1 and 𝑟 is interest rate. Similarly the

capitalized cost of energy at the start of phase 2 is represented as 𝐶𝐸2. The capitalized cost for both

phases are represented as 𝐶𝑇𝐶1 and 𝐶𝑇𝐶2. 𝐶𝑇𝐶2 is capitalized cost of pumps and energy at the start of

phase 2.  𝐶𝑇𝐶1 and 𝐶𝑇𝐶2  are given by  Eq. (11) and Eq. (12) respectively.

𝐶𝑇𝐶1 = 𝐶𝑅 + 𝐶𝑝1 + 𝐶𝐸1 (11) 

𝐶𝑇𝐶2 = 𝐶𝑝2 + 𝐶𝐸2 (12) 

Where 𝐶𝑅 is the rising main cost, 𝐶𝑝1 and 𝐶𝑝2 are the cost of pumps for Phase 1 and Phase 2 respectively.

The capitalized cost of phase 2 is annuitized for 15 years to bring the cost to present value at the start 

of phase 1 and it is represented as 𝐶𝑇𝐶3. 𝐶𝑇𝐶3 is given by Eq. (13).

𝐶𝑇𝐶3 =
𝐶𝑇𝐶2

(1 + 𝑟)15
(13) 

Finally the capitalized cost of pumping at the start of phase 1 is given by Eq. (14). 

𝑇𝑃 = 𝐶𝑇𝐶1 + 𝐶𝑇𝐶3 (14)
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Where 𝑇𝑃 is the capitalized cost of pumping at STP. 

3. Objective Function

The objective function for the sewerage system is a cost function which includes the cost of sewers, 

earthwork, manholes and the cost of pumping sewage to the sewage treatment plant at the end of 

sewerage system. The cost of 𝑖𝑡ℎ sewer is the summation of cost of sewer as per the commercial

available diameter of the sewer and the earthwork cost for laying of the sewer. The total cost of sewer 

is expressed as 

𝑇𝐶𝑆𝑖 = (𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑒𝑤𝑒𝑟)𝑖 + (𝐶𝑜𝑠𝑡 𝑜𝑓 𝐸𝑎𝑟𝑡ℎ𝑤𝑜𝑟𝑘)𝑖 (15) 

The cost of pumping includes the cost of pumping station, pump cost of required capacity and the 

operation cost. The operation cost includes cost of manpower, energy and maintenance of pump station. 

Energy cost is the function of unit cost of energy and power required for the lifting of given sewage 

discharge against a specified head to lift the sewage to the STP. Since the pump is designed for 15 years 

and the design period of sewerage system is 30 years so the pumping cost is calculated in two phases. 

The annuity as electricity cost is incurred yearly for Phase I. Again the conditions for next 15 years get 

changed due to change in discharge. The pumping cost is capitalized for the present year. 

Hence the objective function is expressed as follows. 

Minimize C = ∑(TCSi) +  ∑ (TMm)

𝑀

𝑚=1

N

i=1

+ TP (16) 

Where, TCSi = cost of 𝑖𝑡ℎ sewer, TMm = cost of 𝑚𝑡ℎ manhole and TP = capitalized cost of pumping. N
and 𝑀  are the number of sewers and number of manholes respectively. 

The objective function is subjected to the following constraints. 

 Depth of cover to sewer: It should lie between the minimum and maximum limits.

𝐶𝐷𝑖𝑚𝑖𝑛
≤ 𝐶𝐷𝑖 ≤ 𝐶𝐷𝑖𝑚𝑎𝑥

          ∀ 𝑖 = 1,2,3, … … … … … … … … … . 𝑁 (17)

Where, 𝐶𝐷𝑖 = Depth of cover to 𝑖𝑡ℎ sewer. The minimum depth of cover (𝐶𝐷𝑖𝑚𝑖𝑛
) is taken as

0.9 m and maximum depth of cover (𝐶𝐷𝑖𝑚𝑎𝑥
) of 8.5 m have been used in the present study.

The design of the system ensures that minimum cover depth requirement is automatically

satisfied.

 Velocity of flow in sewer: Velocity of flow in each sewer must lie between the minimum

permissible velocity (𝑉𝑚𝑖𝑛) taken as 0.6 m/s and the maximum permissible velocity (𝑉𝑚𝑎𝑥)

taken as 3.0 m/s. This condition is maintained for the prevention from deposition of solids in

the sewers due to velocity of flow less than 𝑉𝑚𝑖𝑛 and prevention from scouring of sewers due

to velocity of flow exceeding 𝑉𝑚𝑎𝑥.

𝑉𝑚𝑖𝑛 ≤ 𝑉𝑖 ≤ 𝑉𝑚𝑎𝑥         ∀ 𝑖 = 1,2, … … … . 𝑁 (18)

Where, 𝑉𝑖 = flow velocity in the 𝑖𝑡ℎ sewer.

 Flow depth ratio: The flow depth to sewer diameter ratio of the sewer adopted would be less

than or equal to 0.8.

𝑑𝑖

𝐷𝑖
≤ 0.8  ∀ 𝑖 = 1,2, … … … … . . 𝑁 (19) 

Where, 𝐷𝑖 = diameter of 𝑖𝑡ℎsewer and 𝑑𝑖 = sewage flow depth in 𝑖𝑡ℎ sewer at peak flow
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 Diameter of Sewer: The diameter of a sewer should not be less than the minimum prescribed

size (𝐷𝑚𝑖𝑛 = 200 mm) as adopted in the present study.

𝐷𝑚𝑖𝑛 − 𝐷𝑖 ≤ 0  ∀ 𝑖 = 1,2, … … … . . 𝑁 (20) 

 Progressive diameter of sewer: The diameter of 𝑖𝑡ℎ sewer (𝐷𝑖) should not be less than the

maximum diameter of immediately preceding sewers (𝐷𝑝). At junction manhole the

downstream diameter of pipe should always be greater than or equal to the maximum diameter

of upstream sewers discharging to the junction manhole.

 

𝐷𝑝 − 𝐷𝑖 ≤ 0  ∀ 𝑖 = 1,2, … … … . 𝑁 (21) 

Penalty functions are added to the objective functions to create fitness function. The Penalty function 

technique is used for converting the constrained optimization problem to an unconstrained optimization 

problem. The penalty function comes into action when a constraint is violated. In present study penalty 

cost (PC) is imposed on violation of three constraints. The minimum cover is ensured in the design 

methodology itself. These penalty functions are as follows. 

1. Penalty due to cover depth in 𝑖𝑡ℎ sewer (𝑃𝐷)𝑖: If the maximum cover depth in a particular

link is greater than the maximum permissible cover depth, the penalty is imposed.

(𝑃𝐷)𝑖 = 𝑃𝐹 ∗ (𝐶𝐷𝑖 − 𝐷𝐸𝑃𝑚𝑎𝑥) (22) 

Where 𝑃𝐹 is a very high number taken as 1.0 X 108,  CDi is the cover depth of  𝑖𝑡ℎ sewer

and 𝐷𝐸𝑃𝑚𝑎𝑥 is the cover allowed for the sewer which is equal to 8.5 m in the present study

for Type I and 9.1 m for Type II. 

2. Penalty due to minimum velocity in 𝑖𝑡ℎ sewer (𝑃𝑉𝑚𝑖𝑛)𝑖: If in a particular sewer velocity

is less than minimum permissible velocity while discharge is more than  𝑄𝑚𝑖𝑛, penalty cost

is added.

(𝑃𝑉𝑚𝑖𝑛)𝑖 = {
𝑃𝐹 ∗ (𝑉𝑚𝑖𝑛 − 𝑉𝑖), 𝑄𝑖 > 𝑄𝑚𝑖𝑛

0  , 𝑄𝑖 ≤ 𝑄𝑚𝑖𝑛
(23) 

Where, 𝑉𝑚𝑖𝑛 is the minimum velocity of flow taken as 0.6 m/s and 𝑉𝑖 is the velocity of flow

in the  𝑖𝑡ℎ link. 𝑄𝑖 is the discharge in 𝑖𝑡ℎ link and 𝑄𝑚𝑖𝑛 is the minimum discharge in m3/s.

The penalty of minimum velocity for the sewer having flow less than or equal to 𝑄𝑚𝑖𝑛 =
0.0014 m3/s has not been imposed. This is because for minimum diameter of 200 mm as 

used in the problem and discharge of 0.0014 m3/s self-cleansing velocity of 0.6 m/s was 

achieved at a slope of 1 in 60. So it is obvious that for discharge less than 0.0014 m3/s a 

slope steeper than 1 in 60 would be required which is difficult to provide on the field. For 

the sewers having discharge less than 𝑄𝑚𝑖𝑛 and velocity of flow less than self-cleansing

velocity a flushing arrangement needs to be provided. 

3. Penalty due to maximum velocity (𝑃𝑉𝑚𝑎𝑥): If in a particular sewer, the velocity is more

than the maximum permissible velocity, penalty cost needs to be added.

(𝑃𝑉𝑚𝑎𝑥)𝑖 = 𝑃𝐹 ∗ (𝑉𝑖 − 𝑉𝑚𝑎𝑥) (24) 

Where 𝑉𝑚𝑎𝑥 is the maximum velocity of flow taken as 3.0 m/s.

 Total penalty cost: The total penalty cost 𝑃𝐶𝑖 of 𝑖𝑡ℎ link would be,

𝑃𝐶𝑖 = (𝑃𝐷)𝑖 + (𝑃𝑉𝑚𝑖𝑛)𝑖 + (𝑃𝑉𝑚𝑎𝑥)𝑖 (25) 

 The fitness function of the present problem: The constraint optimization problem has been

converted to unconstraint optimization problem which is expressed as:
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𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝐶 = ∑(𝑇𝐶𝑆𝑖 + 𝑃𝐶𝑖) +  ∑ (TMm)

𝑀

𝑚=1

𝑁

𝑖=1

+ 𝑇𝑃 (26) 

Where, 𝐶 = Total cost of the sewerage system. 

4. Particle Swarm Optimization

PSO is an optimization technique proposed by Kennedy and Eberhart (1995). PSO has some common 

evolutionary computational features, such as (a) initialization with a population (swarm) of random 

solutions, (b) updating positions in search of optima and (c) with some specific strategy particles 

evolution through the problem space Izquierdo et al. (2008), Jin et al. (2007). 

Particles start their movement in the first iteration randomly. Then through iterative process they try to 

find the optimum solutions by updating their velocities and positions as per Eq. (27) and Eq. (28) 

Ostadrahimi, Mariño, and Afshar (2012). The particle movement to new position is affected by the local 

best position and the global best position of the particles. 

The velocity updates of 𝑗𝑡ℎ particle in (𝑡 + 1)𝑡ℎ  iteration is given by

vj(t+1) = ω(t) 
∗ vj(t) + c1(t)R1(xj_best(t) − xj(t)) + c2(t)R2(xg_best(t) − xj(t)) (27) 

And the updated position of the 𝑗𝑡ℎ particle in (𝑡 + 1)𝑡ℎ iteration is given by

𝑥𝑗(𝑡+1) = 𝑥𝑗(𝑡) + 𝑣𝑗(𝑡+1) (28) 

Where, 𝑗 = 1, 2,…… S (S = Swarm Size); 𝑡 = 1, 2,.... 𝑇 (𝑇  = Maximum number of iterations). The 

best position of each particle up to (𝑡)𝑡ℎ iteration is 𝑥𝑗_𝑏𝑒𝑠𝑡(𝑡) and the best position of a particle among

all particles (from 1 to S) up to (𝑡)𝑡ℎ iteration is 𝑥𝑔_𝑏𝑒𝑠𝑡(𝑡). 𝜔(t) is the inertia weight and 𝑐1(𝑡) and 𝑐2(𝑡)

are the acceleration coefficients. Random numbers 𝑅1 and 𝑅2 are uniformly distributed between 0 to 1

(Ostadrahimi, Mariño, and Afshar 2012). 

In the case of MPSO the inertia weight and acceleration coefficients are updated according to the 

following equations. 

𝜔(𝑡) = 0.8 (1 +
1

1 + 𝐴𝐿𝑂𝐺(𝑡)
) (29) 

𝑐1(𝑡) = 𝑐1𝑚𝑎𝑥 −
(𝑐1𝑚𝑎𝑥 − 𝑐1𝑚𝑖𝑛) ∗ 𝑡

𝑇
(30) 

𝑐2(𝑡) = 𝑐2𝑚𝑖𝑛 +
(𝑐2𝑚𝑎𝑥 − 𝑐2𝑚𝑖𝑛) ∗ 𝑡

𝑇
(31) 

The values of inertia weight and acceleration coefficients does not change in the original PSO during 

complete optimization process but the values of inertia weight and acceleration coefficients get updated 

in MPSO for each iteration. This helps in exploring the search space in a better way and also exploits 

the search space efficiently. The ranges of the parameters of PSO is given in Table 1. These ranges have 

been fixed on the basis of trial and error. 

Table 1. Parameters of PSO and its Values 

Parameters 
Range 

Minimum Maximum 

𝑐1 0.5 2 

𝑐2 0.5 2 

Velocity for Diameter -60 200 

Velocity for Slope -40 140 
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Particle’s velocity is a very important parameter and is limited to minimum and maximum velocities. 

The maximum (vmax ) and minimum (vmin) value of particle’s velocity must be selected such that the

search space is explored fully. vmax is generally set to about 10 - 20% of the range of the variable in

each dimension (Shi and Eberhart 1998). vmin is generally considered to avoid stagnancy of the particles

exploration of a new solution space. 

The values of adjustable parameters (𝐯𝐦𝐚𝐱 , 𝐯𝐦𝐢𝐧, 𝐜𝟏𝐦𝐚𝐱, 𝐜𝟏𝐦𝐢𝐧, 𝐜𝟐𝐦𝐚𝐱 and 𝐜𝟐𝐦𝐢𝐧) need to be adjusted by

trial and error, according to the sensitivity of the problem. The final solution depends on these 

parameters, number of iteration and number of particles. Generally, the searching process is terminated 

after a specified number of iterations or when the best result of the objective function remains 

unchanged for a specific number of consecutive iterations. 

5. Results and Discussion

In this paper Fatehpur sewerage system in District Sikar, State Rajasthan, India has been taken for the 

case study which consists of 307 sewers, 308 nodes and 1 pumping station at the end of the network. 

The pumping station is located at STP which is 30 m away from the last node and the ground level of 

the STP has been considered to be same as that of the last node. The ground level of nodes, sewer 

connectivity, sewer flow, sewer length and sewer numbers are taken as input. The design of the system 

has been optimized considering problem as type I and type II.  The optimized cost of the sewerage 

system of both type problems has been compared. 
The numbers of particles selected for MPSO are 250, 500, 750 and 1000 and the optimization has been 

done for different maximum number of iterations. The stopping criterion is the stage when maximum 

number of iterations is reached. The results obtained are given in Table 2. 

Table 2. Optimal Cost for Different Maximum Number of Iterations 
Swarm 

Size 

(1) 

Maximum 

No. of 

Iterations 

(2) 

Optimal Costs (in Rupees) Difference 

(5)=(4)-

(3) 

Minimum 

Optimal Cost 

Difference 

(6) 

D/S Depth of Last 

Sewer (m) 

Type I 

(3) 

Type II 

(4) 

Type I 

(7) 

Type II 

(8) 

250 

100 63527080 63713451 186371 

156591 

8.499023 9.623261 

200 62785470 63180269 394799 8.511688 9.151642 

300 62623405 62711797 88392 8.532044 8.717316 

400 62662475 62695899 33424 8.499023 8.630341 

500 62527803 62684394 156591 8.532044 8.769959 

500 

100 63012135 63103113 9098 

156555 

8.501679 8.89386 

200 62763976 62913767 149791 8.501679 8.573029 

300 62268621 62654498 385877 8.499023 8.643372 

400 62352648 62395059 42411 8.532044 8.577545 

500 62219092 62375647 156555 8.499023 8.569031 

750 

100 62808618 62896197 87579 

89867 

8.389832 8.638031 

200 62308897 62340417 31520 8.499023 8.567688 

300 62241394 62316522 75128 8.532044 8.630341 

400 62339921 62351616 11695 8.499023 8.877014 

500 62187445 62277312 89867 8.389832 8.572693 

1000 

100 62740207 62841711 101504 

114551 

8.404266 8.631714 

200 62283882 62322143 38261 8.394257 8.587708 

300 62224092 62258208 34116 8.532044 8.64566 

400 62166931 62267960 101029 8.501679 8.643005 

500 62094867 62209418 114551 8.532044 8.65567 
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Table 2 shows the comparison of the optimal costs for Type I and Type II problems with variation in 

swarm size and number of iterations. The result shows that the optimal cost of the sewerage network is 

less in Type I problem as compared to Type II. Column no. 5 gives difference of column 3 and column 

4. Table 2 shows that Type I formulation of objective function gives better solution than Type II. The

minimum optimal costs have been highlighted for different swarm sizes. Column no. 6 gives the

difference between the minimum optimal costs of Type I and Type II for different swarm size. It is the

savings that can be made in the capitalized cost of the sewerage system for the present case study. The

minimum optimum cost is Rs. 62094867 which comes out at 500 maximum number of iterations when

swarm size is 1000. The variation of optimal cost with iterations has been shown in Fig. 1. Column no.

7 and 8 shows the downstream depth of last sewer from ground level. Since in Type I the downstream

depth of last sewer is always less than that in Type II hence it results in the rise in the invert level of the

last sewer.

Fig. 1. Cost vs. Iteration Number for Swarm Size = 1000 and Maximum Iterations = 500 (Type I) 

Fig. 2. shows the variation of optimal cost with swarm size. The maximum number of iterations taken 

as 100, 200, 300, 400 and 500 respectively are for Fig. 2(a), 2(b), 2(c), 2(d) and 2(e). All the figures in 

Fig. 2. shows the decrease in the cost with increase in the particle size and the optimal cost of Type I is 

less than that of Type II. 

(a) (b) 
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(c) (d) 

(e) 

Fig. 2. Optimal cost variation with Swarm Size 

Fig. 3. shows the variation of optimal cost with swarm size. It clearly indicates that Type I has always 

better cost as compared to Type II problem. Overall, after conducting a number of trails it is concluded 

that the optimal cost comes out to be Rs. 62094867 for 1000 particles when maximum number of 

iterations is 500. 

Fig. 3. Minimum Optimal cost variation with Swarm Size 

6. Conclusions

A number of research has been conducted on the optimization of sewerage network which includes 

pumping. But the pumping cost included in the objective function is the intermediate pumping cost. 

This paper includes the capitalized cost of pumping sewage from the last sewer to STP. Provision of 
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pumping at STP has been justified in the paper. Overall study of the different cases in this paper 

indicates that the optimized cost of sewerage system including pumping cost (Type I) gives better result 

than the optimized cost being calculated for Type II. The percentage saving in the total cost of the 

system is approx. 0.2% for the present case study. This is because of the fact that in the optimal design 

the invert level of last sewer in Type I is raised as compared to that in Type II resulting in overall 

economy. 

This paper shows the importance of inclusion of capitalized cost of pumping at STP in the objective 

function of total cost of the system. At last it is concluded that wherever sewage is required to be pumped 

to STP then the objective function must include the capitalized cost of pumping. It improves the overall 

design of the sewerage system. 
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Abstract 

The aim of this study is to improve the skill of Global Ensemble Forecast System’s (GEFS) precipitation forecasts 

over the Indian subcontinent using the Analog and Logistic Regression postprocessing techniques. For the year 

2013, GEFS Numerical Weather Prediction Model (NWP) outputs and enhanced GEFS forecasts using 

postprocessing techniques were verified against the Indian Meteorological Department observed dataset. The 

techniques were probabilistically and deterministically evaluated using metrics, namely Brier Skill Score (BSS) 

and Root Mean Square Error (RMSE). Evaluations stated that the use of logistic regression and analog 

postprocessing method markedly enhances short to medium range (1-15 day) precipitation forecasts in India. The 

comparison of raw GEFS forecasts and post-processed GEFS forecasts over different regions, in the year 2013 

indicates that both the postprocessing methods were able to provide skillful precipitation forecasts in specific 

regions. During monsoon seasons, both the raw and the post-processed GEFS forecasts were found to be 

underperforming. The intercomparison of logistic regression and analog techniques showed that the analog 

method underperforms the logistic regression. The enhanced forecasts using the postprocessing techniques were 

more reliable and skillful than the raw GEFS model assimilated precipitation forecast. 

Keywords: Postprocessing, Precipitation forecast, Analog method, Logistic regression 

1. Introduction

The weather forecast data from NWP models are reliable, acquired easily, and can be regularly updated 

for forecasting events in real-time (Shah et al. 2017). For greater uptake of forecast information in 

decision making, the forecasts have to be reliable (Wilks and Hamill 2007) and consistent with the 

observations. In hydrological forecasting, NWP models are the primary forcings to the hydrological and 

statistical models (Jain et al. 2018).  

Many NWP models archive forecast information in two ways, i.e., operational mode and 

hindcast/reforecast mode (Hamill et al. 2006). The reforecast archive is the major source of information 

(Hamill et al. 2006) to interpret the model uncertainty, biases. These NWP models forecast archives 

provide information that varies spatially and temporally. As the forecast information varies spatially 

and temporarily, there exist numerous systematics biases in the NWP model outputs (Piani et al. 2010). 

However, NWP model outputs cannot be directly forced into hydrological models due to inherent 

uncertainty and biases in the forecasts. In order to acquire a reliable  NWP forecast, they need to be 

post-processed. Statistical and dynamical downscaling are ways of reducing uncertainties and biases in 

NWP models. There are a plethora of postprocessing techniques available, and extensive research has 

been carried for postprocessing of the forecast information to reduce the biases and model errors 

(Medina and Tian 2020; Rajeevan et al. 2007; Wilks 2006; Wilks and Hamill 2007).  

A comprehensive study on different enhancement techniques stated that the Analog (AN) and Logistic 

Regression (LR) postprocessing techniques are yet to be explored in the Indian subcontinent. The nature 

of the Indian monsoon poses a unique challenge in providing skillful forecasts (Abhilash et al. 2015; 

Bhowmik and Durai 2012). Therefore, exploring the performance of logistic regression and analog-

based techniques can also be helpful in providing better forecasts across different regions in India that 

can be incorporated in real-time decision making in planning and management of water resources in 

India. Therefore, in this study, the analog-based technique and logistic regression will be evaluated 

towards enhancing the skill of short to medium-range forecast over the Indian region. 

Recommendations will be made for the best performing postprocessing technique for the Indian region. 
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2. Study area and Data used

Figure 1 shows the study area, the Indian subcontinent. In India, rainfall occurs mostly from June to 

September, commonly called Indian Summer Monsoon Rainfall (ISMR) (Abhilash et al. 2014; Borah 

et al. 2015). As the precipitation varies temporally and spatially, a seasonal wise and basin wise 

assessment of the postprocessing techniques had been carried out in India. Figure 1 shows the study 

area that is mainly classified into nine major basins subdivisions (Beria et al. 2017; Bisht et al. 2018) 

(Fig. 1(a)), and Table 1 provides the names of the major basins. 

Table 1 List of major subbasins in India 

S.no. Basins Code 

1 Northern basin Z 1 

2 Northwestern basin Z 2 

3 Indo Gangetic plain Z 3 

4 Northeastern basin Z 4 

5 Central basin Z 5 

6 Southern basin Z 6 

7 Western Ghats Z 7 

The GEFS reforecast/ hindcast precipitation datasets consist of 11 ensemble members, which was 

obtained from 0000 UTC initial conditions run and has a spatial resolution of 1˚× 1˚; 316 grid points 

fall within the study region (Fig. 1(b)).  For the next 1 to 16 lead days, the GEFS model gives forecast 

(Hamill et al. 2006, 2013). In this study, the model was evaluated at 1, 2, 3, 5, 7, and 15 lead days. The 

Indian Meteorological Department, 0.25˚× 0.25˚ spatial resolution dataset, was used for verification 

purposes. The hindcast and observed precipitation datasets from the year 1985 to 2013 (29 years) were 

used in this study for assessing the postprocessing techniques. 

Figure 1 (a) Major subbasins in India (refer Table 1) (b) Grid location of  IMD verification dataset 

(blue - 0.25˚× 0.25˚ resolution) and GEFS forecast dataset (red - 1˚× 1˚ resolution) 

3. Methodology

In this study, the AN and LR postprocessing technique have been tested in the year 2013. Both the 

techniques have been trained using the reforecast dataset from 1985 to 2012 dataset. The performance 

of AN, LR, and raw GEFS was assessed by using evaluation metrics, namely Brier Skill Score (BSS) 

and Root Mean Square Error (RMSE). 
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3.1 Experimental setup 

The analog hypothesis is a technique where ensembles are assimilated from the observed data that are 

closely matching with forecast data for specific locations and dates (H. M 1989; Hamill et al. 2015; 

Hamill and Whitaker 2006; Medina et al. 2019; Tian and Martinez 2012). The initial step in the AN 

method is the extraction of analogs for a target date from the reforecast data (1985 – 2012) at an +/- 30 

days window from the target date. Here analogs are extracted from a tile of 9 forecast grid points 

surrounding the target grid point location. The next step is, choosing the closely matching analogs from 

the extracted analogs using root mean square. The dates which are having a lesser root mean square 

error are used as an index to extract precipitation values from the observed data. Thus the observed 

precipitation values of the selected dates correspond to the analog ensemble of the target date. These 

best performing analog dates are also used as an index to generate analog ensembles for surrounding 

16 observed grid tiles around the target grid location for that target date. The same procedure is repeated 

for all the dates (in the year 2013) and locations to assimilate the ensembles.  

Logistic regression (LR) is a postprocessing technique that yields a probabilistic forecast. The LR model 

is trained at a specific location and date using different predictors to obtain the predictand (Dasgupta 

and De 2007; Prasad et al. 2009; Whitaker et al. 2006; Wilks 2009; Wilks and Hamill 2007).  Here we 

used the mean (x1) and standard deviation (x2) of ensemble members as the predictors in equation 1 to 

obtain the predictand (probability of precipitation forecast). In equation 1,  O corresponds to the 

observed and T  threshold to which the LR model is trained; here model has been trained for a threshold 

of 1, 15, and 25 mm and for 10th, 50th, and 90th  terciles. For a specific location and target date, the x1, 

x2, and O samples are collected from all the reforecast years at +/- 30 days of a target date, and the LR 

model is trained to obtain the coefficients. The optimized coefficients and x1, x2 of the operational 

forecasts are used for obtaining the post-processed probabilistic forecast. The same procedure is 

repeated for all the dates (in the year 2013) and locations to obtain the probabilistically post-processed 

forecast. 

P(O > T) = 1 −  
1

[1+exp(a+bx1+cx2)]
(1) 

3.2 Evaluation metrics 

The AN, LR, and raw GEFS were evaluated using metrics, namely BSS and RMSE. RMSE is a 

deterministic evaluation metric that assesses the ensemble mean forecast (Medina et al. 2019), while 

BSS is a probabilistic evaluation metric that assesses all the ensemble member forecasts (Tian and 

Martinez 2012). The range of RMSE is 0 to ∞. The value of zero indicates a perfect model forecast. 

The range of BSS is -∞ to 1. The value of one indicates a perfect skill, and if the score falls below zero, 

then climatology itself would be a better representation of the forecast. 

4. Results and Discussion

The AN, LR, and raw GEFS outputs were assessed using RMSE and BSS for the various seasons that 

are majorly prevalent in the Indian subcontinent. The seasons are winter(S1), summer(S2), 

monsoon(S3), and postmonsoon(S4). The analysis was mainly carried so as to find the best performing 

model across different seasons and basins so that reliable post-processed information can be used for 

various decision-making purposes.  

Figure 2 shows the RMSE comparison of raw GEFS and AN over the major river basins in India for all 

the seasons for the lead time of 1-day. Comparisons found that during the monsoon seasons, the RMSE 

values are greater than 10mm in almost all the basins except the Northern basins. In contrast, the values 

are less than 12mm during the winter, summer, and postmonsoon seasons. These numbers show that 

the models are not able to predict the higher amount of precipitation. 
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Figure 2 RMSE values of raw GEFS and analog method over the Indian region at different seasons 

for one day lead 

The difference between the RMSE  values of AN and raw GEFS for the different seasons is shown in 

Figure 3. A negative value indicates the AN method outperforming the raw GEFS and vice-versa. The 

results varied widely across the different river basins in India. In the Northern basins (Z1), the AN 

method was found to be reliable during the winter season for the lead time of 1-7 days, while the 

performance was comparable during other seasons. In the Northwestern basins (Z2), the performance 

of AN and raw GEFS was comparable in all the seasons. In the Indo Gangetic plain (Z3)  and Central 

basins (Z5), results show that the AN method performs better than the raw GEFS, especially during 

monsoon season, while in the Northeastern basin (Z4), similar results are seen during the summer 

season. For the southern basins (Z6), improved performance was noticed during all the seasons that 

were consistent at all higher lead times, while in the Western Ghats (Z7), the AN method was found to 

outperform the raw GEFS during the postmonsoon season. This assessment clearly stated that the AN 

method reduces the model error and enhances the raw GEFS forecast to an appreciable extent across all 

seasons and almost all the basins in India. 

The models were assessed for three different thresholds (1mm, 15mm, and 25mm) and percentiles 10th, 

50th, and 90th) (Fig. 4, Fig. 5, Fig. 6). Figures 4, 5, and 6 show the BSS percentile analysis. The figure 

shows the raw GEFS forecasts do not exhibit any skill in any of the river basins, except for the 

Northwestern basin (Z2) during the summer season and Central basins (Z5) during the postmonsoon 

season. While the AN and LR values are positive, indicating that it imparts skill other than the Western 

Ghats. In the Western Ghats region, especially during the monsoon season, the AN method did not 

perform well. This also shows that the AN method does not show skill in predicting high precipitation 

events. The LR method, during the monsoon and postmonsoon season, enhances the forecast compared 

to the AN method. During the postmonsoon season in Central basins (Z5) and Indogangetic plain, 

during summer in  Northwestern basin (Z2)  both the AN and LR method performs well. 

The LR method was also found to outperform the raw GEFS forecast and AN method for the BSS 10th 

percentile thresholds (Fig. 4). At BSS 50th (Fig. 5) and 90th (Fig. 6) percentile, similar trends were 

observed for all the basins, except the Northwestern basin during the postmonsoon season, the LR 

method underperformed. The comparison of the BSS different terciles, it was found that the AN and 

LR methods are not suitable for higher thresholds, across all seasons and basins because of the low skill 

of raw GEFS itself. 
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Figure 3 Difference between the analog method and raw GEFS forecast RMSE values for different 

seasons (S1 – winter, S2 – summer, S3 – monsoon, S4 – postmonsoon), subbasins (Table 1) and lead 

times. 

Figure 4 BSS (10th percentile) values of raw GEFS and analog method for different seasons (S2 – 

summer, S3 – monsoon, S4 – postmonsoon)   and different subbasins (Table 1) at different lead days 

200



Figure 5 BSS (50th percentile) values of raw GEFS and analog method for different seasons (S2 – 

summer, S3 – monsoon, S4 – postmonsoon)   and different subbasins (Table 1) at different lead days 

Figure 6 BSS (90th percentile) values of raw GEFS and analog method for different seasons (S2 – 

summer, S3 – monsoon, S4 – postmonsoon)   and different subbasins (Table 1) at different lead days 

The BSS (1mm threshold) spatial variability of the raw GEFS, AN, and LR methods for different 

seasons is shown in figure 7. Results show that during the monsoon season, due to the lesser skill of the 

raw GEFS forecasts, the AN and LR methods underperform than the rest of the seasons. But in general, 

it could be seen that in most of the locations, the BSS of raw GEFS forecasts are negative (Fig. 7), 
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whereas values are positive for AN and LR, implying that these methods have greater skill than 

climatological values. 

Figure 7 BSS (1mm threshold) values of raw GEFS, analog method, and logistic regression method 

estimated over the Indian region at different seasons at 1-day lead time. 

5. Conclusions

This study gives an insight into analog and logistic postprocessing methods towards improving 

precipitation forecasts in India. The analysis showed that the raw GEFS, AN, and LR performed well 

in the Indogangetic plains, except in western ghats. The forecast skill of raw GEFS reveals us that there 

is a need for postprocessing in the Indian region before being used for further hydrological applications. 

The intercomparison of methods revealed that the LR method, followed by the AN method, enhances 

the skill of raw GEFS forecast to a considerable extent. Thus the major conclusion is that logistic 

regression can be used to enhance the quality of raw forecasts. 
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Abstract 

Mountainous terrains are characterized by high spatial and temporal variations in rainfall due the variations in 

their topography. The present study explores the remotely sensed TRMM 3B42 Version 7 rainfall dataset, to 

understand the rainfall distribution and its spatial variability existing in the terrain of Western Ghats. ASTER 

DEM was used in conjunction with 11 years of TRMM data to derive the relation between rainfall distribution 

and topography. The spatial pattern of rainfall observed in all months of southwest monsoon (June to September) 

was same, but intense rainfall was much frequent on June and July. It is seen that cascaded topography, gradually 

rising windward slopes and high peaks are enhancing precipitation. Karnataka’s windward side receives maximum 

rainfall (~28 mm/day) during southwest monsoon among all states in Western Ghats region. It was observed that 

precipitation intensifies before reaching the summit and then sharply decreases. An inverse relation was obtained 

between height and rainfall above a particular elevation. Windward slope of the mountains have a significant 

correlation with rainfall (~0.5) over the terrain, with the most influencing parameters as the length and width of 

the mountains which in turn decide the spatial extent of blocking of horizontal flow. The information on the 

relation between rainfall and topography can be further used to modify weather forecasting models and rainfall 

retrieval algorithms, thereby helpful in better management of rainfall induced hazards and to improve weather 

prediction in future.  

Keywords: Orographic precipitation; topography; Western Ghats 

1. Introduction

Western Ghats has key importance in the spatial distribution of summer monsoon rainfall over the 

southern parts of Indian subcontinent. The heavily undulated terrain makes accurate weather forecasting 

very challenging. Several weather prediction models developed are capable of predicting heavy rainfall 

over western coast of India, but they heavily underestimates its magnitude. Considerable amount of 

systematic error are introduced by these models in forecasting rainfall. Several studies conducted in the 

past reveals that a model with improved topographic definition can give much better results. Hence it 

is essential to integrate the topographic parameters influencing monsoon rainfall over Western Ghats 

into the weather prediction models for improving forecast and thereby hazard management in future.  

Tawde S A and Singh C (2015) used remotely sensed data for investigating the influence of orographic 

parameters over rainfall distribution on the Western Ghats of India. It reveals that the orographic rainfall 

is a combined product of windward slope, elevation and topography of mountain barrier. The high 

intense rainfall was found to be confined up to a height of 800m. It also establishes that the TRMM 

rainfall product is matching well with the rainfall data provided by IMD considering monthly and 

seasonal scales. This study helps to comprehend the basic mechanisms influencing the orographic 

precipitation over Western Ghats. 

The pre-storm meteorological conditions and orographic influence were explored in the studies 

conducted by Fang et al. (2013), and a downscaling approach was developed for satellite rainfall 

products based on the relations between these factors and rainfall. Precipitation in most cases exhibited 

a direct relation with elevation and an inverse relation with aspect angle. While investigating the relation 

between precipitation and topographic variables, the variables representing the interactions between 

several features (e.g., topographical roughness and aspect angle) were found more significant than 
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variables that consider only pixel characteristics (slope aspect and elevation), which points towards the 

complexity of  relationship existing between topography and local rainfall.  

Nair et al. (2009) compared TRMM derived rainfall estimates over Maharashtra with IMD rainfall data. 

They validated TRMM dataset with gauge data, produced by a high density rain gauge network over 

the region, on monthly and seasonal scales. It was revealed that Western Ghats has got key impact on 

the rainfall distribution over Maharashtra. Though the satellite product captured the mean rainfall at 

seasonal scale appreciably, the intensity is underestimated and the rainfall maximum is displaced. The 

correlation obtained at seasonal scale was 0.7 between the TRMM retrievals and gauge values. They 

divided Maharashtra into five distinct climatic regions according to the rainfall characteristics. Different 

regions showed different correlations between TRMM and IMD rainfall data. The research documented 

an acceptable correlation on seasonal and monthly scales, but daily TRMM data were found to 

underestimate heavy rainfall and overestimate low rainfall. 

The study done by Shukla et al. (2018) further reveals that the isohyets prepared during the monsoon 

months in the Himalayan basin, between the TRMM retrievals and observed gauge data were matching 

considerably. Though there is no perfect match between TRMM and ground measurements, its use as 

supplementary data in un-gauged basins is recommended. Also hydrologic modelling and watershed 

development can make use of TRMM data.  

Findings from the above literature review demonstrated that orographic features have a major role in 

the distribution of precipitation over mountainous terrains and associated regions. But the measurement 

of spatiotemporal variability of rainfall is challenging over these regions due to their complex 

topography and hostile environments. These studies also points out the need for using satellite rainfall 

products as an alternative of rain gauges. The wide spatiotemporal coverage provided by satellite 

products are undebatable, though the accuracy needs to be examined. 

2. Experimental program

This section describes the study region and the data sets that were used in the experimental study as 

well as the methodology adopted for evaluating the relation between rainfall and topography. The study 

tries to evaluate the extent of influence of orographic parameters over monsoon rainfall in the Western 

Ghats. The major objectives are to analyse the spatial and temporal distribution of rainfall using TRMM 

rainfall datasets and to identify the interrelationship between rainfall and topographic features such as 

type of mountain, its elevation and slope. 

2.1 Study area 

The mountain ranges that lie parallel to the west coast of Indian subcontinent at about 50 km away from 

the shoreline is the Western Ghats. It spreads along Maharashtra, Karnataka, Kerala, Tamilnadu and 

Goa. The study focusses on area bounded between 72-78o E longitudes and 8-22o N latitudes as (fig. 1). 

The average elevation of Western Ghats is around 800m while some peaks rise above 2000m height. 

Western Ghats extends about 1600 km length in North-South direction and the width is about 100 km 

in the East-West direction. The place is rich in biodiversity which is nurtured mostly by the South West 

monsoon rains. The region has unique characteristics of mountain terrain which acts as hermitic to south 

west winds. During monsoon months Western Ghats receives more than 250 cm of annual averaged 

rainfall. In this work elevation beyond 600m is considered as Western Ghats barrier. 
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Figure 1 Study area bounded between 72-78o E longitudes and 8-22o N latitudes (ASTER GDEM 

(30m x 30m) dataset) 

2.2 Data utilized 

Two major datasets were used for the study. A satellite derived rainfall product of high 

resolution to study the spatiotemporal distribution of precipitation over the study region and a digital 

elevation model to find the orographic aspects influencing rainfall. 

Tropical Rainfall Measuring Mission 3B42 Version 7 (TRMM 3B42-V7) having a spatial resolution of 

0.250 x 0.250 has been used to study the variation of rainfall. TRMM Multi-satellite Precipitation 

Analysis- Version 7 (TMPA-V7) is substantially evolved from its predecessor, version 6, in terms of 

use of improved rain gauge data, additional satellite observations and uniformly reprocessed input data 

by means of better algorithms. TRMM data was acquired from the GES DISC, NASA from June 2009 

to September 2019 at the daily temporal scale. The data corresponding to the monsoon months of June, 

July, August and September were only considered. 

Advanced Space born Thermal Emission and Reflection radiometer (ASTER) Global digital Elevation 

Model was used for the analysis of relationship between rainfall and topography of Western Ghats. It 

is available at 30 m spatial resolution with 10 x 10 tiles. ASTER GDEM was obtained from 

(http://gdemdl.aster.jspacesystems.or.jp/) and was georeferenced to UTM projection and WGS-84 

datum. 

2.3 Software used 

Preparation of mean seasonal rainfall raster from TRMM 3B42 dataset, creation of slope dataset from 

ASTER DEM, conversion of raster to point layer, etc. were all done using Arc GIS 10.3 software. The 

correlations and related graphs showing the variation of rainfall were prepared using MS Excel. 
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2.4 Methodology 

The TRMM 3B42 Version 7 daily rainfall datasets for JJAS (June, July, August and September) months 

of 11 years were collected. The acquired datasets in NetCDF were transformed into raster layers. The 

daily values were averaged into monthly values. The 11 years monthly average rasters were combined 

month wise to form the mean rainfall rasters of June, July, August and September. The variation of 

south west monsoon over these months were thoroughly observed. Using monthly data seasonal rainfall 

averages were calculated. Finally an 11 year seasonal average rainfall raster was created. This data was 

projected to WGS_1984_UTM_Zone_43N. The raster resolution was 27km x 27km. The monthly 

rainfall averages as well as the seasonal mean for 11 years gives a clear idea on the spatiotemporal 

distribution of rainfall. 

For the purpose of studying the orographic aspects, the ASTER DEM and slope datasets were resampled 

from 30m to 27 km (resolution of TRMM 3B42 rainfall dataset). The variation of topographic features 

such as shape of mountain, slope and elevation are observed using DEM data. The elevation as well as 

slope raster were converted to points for the purpose of analysis. Both the point layers were combined 

to a single layer. Rainfall raster obtained by combining 11 years was also converted to point layer. This 

point layer was joined with existing data to form a combined elevation- slope- rainfall point layer. This 

Elevation- Rainfall-Slope layer’s points were further classified into three: windward points, mountain 

points and rain shadow region points. This was done using the 600m contour delineation. Points inside 

the 600m contour was taken as mountain region, points outside and to the west of this contour was taken 

as windward points and points outside and towards the east of 600m contour was taken as rain 

shadow(leeward) region. This classification is depicted in figure 2 (b). In order to study the influence 

of elevation and slope of mountain barriers over rainfall of Western Ghats region, points coming under 

the mountain region were only considered in finding the height-rainfall and slope-rainfall correlation. 

(a)                (b) 

Figure 2 Illustration of the topography of Western Ghats barrier. (a) ASTER GDEM dataset resampled 

(27km x 27km). White contour line indicates elevation above 600 m. (b) Elevation- Rainfall-Slope 

combined point layer split into three set of points. 

A visual interpretation of variation of rainfall with topography was done using the rainfall raster and 

resampled DEM. Different types of mountains existing in the region was identified from DEM with the 

help of contours. The rainfall pattern with respect to these mountain structures were analyzed. The 

attribute table of the combined elevation- slope- rainfall raster gave a good insight towards the relation 

between rainfall and topography. The height-rainfall and slope-rainfall correlation were analyzed by 
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taking elevation intervals with their corresponding rainfall and slope values. The variation of rainfall in 

the West East direction was also studied to identify the pattern of variation for different types of 

mountains along width. The statistical results can be used to illustrate the influence of orography over 

rainfall distribution of the region together with the help of scientifically proven facts and concepts from 

past studies. The workflow of this procedure is shown in figure 3. 

Figure 3 Workflow depicting the rainfall data analysis as a function of topographic features 

2.5 Results and Discussions 

The detailed analysis of the problem was done sequentially. Spatiotemporal distribution of rainfall over 

the study area were studied in detail. Topographic features such as elevation and slope of mountain 

region as well as shape of mountain barrier were analyzed with corresponding rainfall values in order 

to find a relationship. The major issues that are tried to be examined in detail are; how cascaded/isolated 

mountain barrier and its width influences rainfall intensity, how increment of slope affects rainfall and 

how rainfall changes with height of mountain. 

2.5.1 Rainfall distribution 

The spatial distribution of 11 years mean monsoon rainfall from TRMM data is illustrated in figure 4. 

Intense rainfall is obtained near west coast and its adjoining oceanic region. Mean daily monsoon 

rainfall is found maximum over Karnataka (~28 mm/day) followed by Maharashtra (~20 mm/day) and 

then Kerala (~16 mm/day). The mean value over 11 years of data is 8.9 mm/day with 5.2mm/day 

standard deviation. The intensity of rainfall gradually drops from North to South in Kerala. Though the 

coasts of Karnataka and Maharashtra receive significant amount of rainfall, they have large area coming 

under rain shadow region (<6mm/day) towards east. Rain shadow region happens where seasonal mean 

falls below one fifth of maximum rainfall observed over study area. 
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Figure 4 Seasonal mean rainfall of 11 years (2009-2019) created from TRMM data (mm/day) 

of 0.25 0 x 0.25 0 resolution 

The mean rainfall variations were obtained for June, July, August and September (figure 5), by 

analysing 11 years TRMM 3B42 data.  Figure 5 illustrates same spatial variation of rainfall in all four 

months over the region, hence it can be concluded that there is no variation temporally in monsoon 

rainfall over Western Ghats. Heavy rain was observed in June and July months and medium to low rain 

was received in the months of August and September. The mean rainfalls for June, July, August and 

September are 9.81, 11.58, 8.16 and 6.26 mm/day respectively. The heavy precipitation in June and 

July could be due to the high tropospherical temperature gradient over Indian region. Another possible 

reason for the early formation of warm rain is the high marine aerosol concentration over Arabian Sea 

which acts as cloud condensation nuclei. The suppressed rainfall events in August and September could 

be as a result of the decreased thermal contrast existing between terrain and ocean adjacent to it.  

(a)   (b) 

   (c)                                                          (d) 

Figure 5 Mean rainfall variation (mm/day) of (a) June (b) July (c) August (d) September 
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2.5.2 Variation of rainfall with topography of Western Ghats 

ASTER DEM analysis indicated three types of mountain barriers in Western Ghats. The spatial 

distribution of rainfall corresponding to their topographic fronts were studied. Table 1 shows the three 

types and their rainfall intensities.  

Table 1 Table indicating the types of mountains in Western Ghats 

Latitude State Type of mountain Rainfall intensity 

(windward side) 

14
 0

– 21
 0

 N 
Maharashtra Cascaded, narrow 

mountain range 

Moderate 

11
0

– 14
 0

 N 
Karnataka Cascaded, broad 

mountain range 

High 

9
0

– 10
 0

 N 
Kerala Isolated mountain less 

It has been already discussed that mean daily monsoon rainfall has its highest value over Karnataka 

(~28 mm/day) followed by Maharashtra (~20 mm/day) and then Kerala (~16 mm/day). Table 1 further 

establishes that compared to isolated mountains cascaded mountains encourage strong rainfall. This is 

due to the fact that the chain of mountains restrict more extent of horizontal airflow compared to isolated 

mountains. Rainfall variation in West-East direction for cascaded, narrow mountain (figure 6), 

cascaded, broad mountain (figure 7) and isolated mountain (figure 8) points towards the relation 

between rainfall and topography.  

The variation in rainfall is witnessed in the West- East direction. On the windward side of broad 

mountains of Karnataka the highest rainfall of 21.44 mm/day is observed which sharply reduces and 

reaches 3.5 mm/day on leeward side. A moderate rainfall of 16.80 mm/day is received on windward 

side of narrow mountains of Maharashtra which reduces to 7 mm/day on the other end. The lowest 

rainfall of 15 mm/day is received by the isolated mountains of Kerala on their windward side which 

reduces to 3.4mm/day on leeward side. Higher amount of rainfall is received by the broader mountains 

of Karnataka compared to the narrower mountains of Maharashtra on the windward side. On the other 

hand broad mountain ranges reinforces rain shadow region on their leeward end. Karnataka on its 

leeward side acquires < 4mm/day rainfall whereas leeward side of Maharashtra receives < 6 mm/day. 

Hence it can be said that the rainfall intensity on the windward side is mainly dependent on two factors: 

length oriented in North-South direction and width of mountain range. 

Figure 6 Variation of rainfall in longitudinal direction for cascaded, narrow mountain barrier 
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Figure 7 Variation of rainfall in longitudinal direction for cascaded, broad mountain barrier 

Figure 8 Rainfall variation in longitudinal direction for isolated mountain barrier 

Another notable fact from the figures is the fact that extreme rainfall is not occurring along the line of 

peak elevation. Rainfall attains its maximum on windy side before reaching the peak and then sharply 

reduces after that. This may be due to the depletion of available moisture as the rain advances in the 

windy side of the barrier. 

2.5.3 Variation of rainfall with elevation and slope 

To study the impact of elevation and slope of mountain barriers, points corresponding to the mountain 

region (elevation>600m) were selected. Regression analysis was done to find out the correlations 

between height-rainfall and slope-rainfall. The correlations were found out for specific height intervals 

to understand the variation at various levels of height. The study starts at a height of 600 m and ranges 

up to 2300m.The analysis resulted in table 2. The numerical values in the table are crucial for making 

inferences regarding the influence of elevation and slope over rainfall.  
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Table 2 Rainfall variability with slope and elevation 

Height (m) Correlation 

Height - Rainfall 

Correlation 

slope - Rainfall 

600  - 700 0.1 0.495 

700 - 800 0.12 0.479 

800 - 900 0.205 0.445 

900 - 1000 0.495 0.493 

1000 - 1200 -0.423 0.4 

>1200 -0.522 -0.1

No particular relation can be inferred in general between height and rainfall up to 900m. But significant 

inverse correlation can be observed between height and rainfall above 1000m height. Rise of elevation 

strengthens rainfall but drops before it reach the summit. Rainfall maximum occurs about 50 km away 

from the start of Western Ghats barrier towards the windward side. So as to quantify a more specific 

relation between rainfall and orography, slope is studied. 

Slope characterises the steepness of a mountain and this decides the suitability of upliftment of moist 

filled air. Significant correlation of 0.4 to 0.5 exists between slope and rainfall throughout. Slope of 

Western Ghats barrier in Karnataka are gradually rising as compared with the slopes in Maharashtra 

and Kerala, which rises abruptly. Hence gradually changing slopes are likely to induce more rainfall 

than abruptly changing slopes. Higher elevation mountains with rapid changing slopes supress rainfall 

at their foot compared with mountains having lesser elevation and gradually varying slopes. 

3. Conclusions

Western Ghats is the first topographic barrier that the monsoon system hits at the commencement of 

monsoon in India. From the results it is clear that the Western Ghats barrier enhances precipitation over 

its windward side and suppress precipitation on its leeward side. The rainfall in the Western Ghats 

follows the same spatial distribution in the monsoon months i.e. June. July, August and September, but 

intense rainfall was much frequent on June and July. Karnataka’s windward side receives maximum 

intense rainfall (~28 mm/day) in Western Ghats, also its leeward side has the strongest rain shadow 

region (~3.5 mm/day). This is because of the complex topographic front existing in Karnataka. 

Karnataka has got cascaded and broader mountains which acts as active spatial obstructions for 

incoming flow. 

Precipitation due to orography intensifies before it reaches the top of the mountain. The control exerted 

by elevation is limited to a certain height. Some peaks of the Western Ghats deliver significant inverse 

correlation (-0.5) between rainfall and height. Slope gives a more precise link between orography and 

rainfall. A noteworthy correlation of approximately 0.5 was obtained between slope and rainfall in the 

mountains of Western Ghats. Hence it can be concluded that the intensity of rainfall over Western Ghats 

is most influenced by the length and width of the mountains followed by windward slope and elevation. 

This study documents spatial variability of rainfall over Western Ghats region and tries to understand 

its underlying mechanism. This helps in better preparedness and hazard management in future. Accurate 

precipitation estimates at fine temporal and spatial scales is crucially important for improved simulation 

of land surface hydrological processes and prediction of hydro meteorological hazards like droughts 

and floods. Upcoming satellite rainfall products with higher resolution are supposed to provide more 

accurate precipitation fields which will be useful for the future prediction and estimation of extreme 

rainfall events. 
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1. Introduction

In this century, due to rapid industrialization, the need for the development of water resources has 

become of considerable importance intending to ensure sufficient potable and industrial water supplies, 

provide irrigation for food production, flood control, and power generation. To supply this huge amount 

of water to meet the demands, the design and construction of hydraulic structures are inevitable. 

Probable maximum precipitation is a common method to calculate probable maximum flood. The PMP 

is defined as “the greatest depth of precipitation for a given duration that is meteorologically possible 

over a given station or a particular area and geographical location at a certain time of year” (WMO, 

1986).  Extreme precipitation creates a major loss to human life. Extreme precipitation impacts the life 

of dams, so it is necessary to estimate the PMP and prepare PMP atlas for basins. India has experienced 

many disastrous floods in the last 10 years, for example, Kerala floods 2018 & 2019, Krishna river 

floods in Maharashtra and Karnataka 2019, 2017 India and Nepal floods, 2016 Assam floods, etc. There 

are several studies available in India on rainfall analysis across various regions of the country and over 

a few river basins up to some dam sites. However, detailed studies over an entire river basin and its 

different sub-basins/zones are lacking. (Kulkarini et al., 2010). 

There are many methods available for the estimation of PMP. Among them, mostly statistical methods 

and generalized methods are used. The purpose of this study to estimate the PMP by using statistical 

and generalized methods for the Krishna Sub-basin. M.Naseri Moghaddam et al. (2009) calculated PMP 

values of four central provinces of Iran were found out using the Hershfield formula (Statistical 

Method). Abel T. Woldemichael et al. (2014) made an attempt to study the effect on extreme 

precipitation due to change in LULC (Land use Land cover) resulting from dam construction. Seiki 

Kawagoe et al. (2019) evaluate the relation between the 24 hr precipitation and temperature by using 

the binning method. S. Nandargi et al. (2015) attempted to analyze the extreme precipitation events 

Email: raviprakash0716@gmail.com 

Mobile No: +91- 7702099954

Abstract 

Probable Maximum Precipitation (PMP) is a conceptual technique which is widely used to estimate 

Probable Maximum Flood (PMF) that is helpful in planning, risk assessment, and design of high-hazard 

hydraulic structures such as flood control dams having large population on the upstream side. The 

hydraulic structures for water supply, hydropower, and irrigation projects are designed depending upon 

the risk of failure and the size of the structure. To estimate PMP, there are mainly two methods available, 

the Generalized method and the Statistical method. In this study, both methods were applied for Krishna 

Sub-basin or gridded data. In the generalized method, Depth Area Duration (DAD) curves and Moisture 

Maximization Factor (MMF) are calculated. The Moisture Maximization Factor (MMF) is calculated 

for identified severe storms for which value ranges from 1.04 to 1.31. In the statistical method 

(Hershfield method), statistical parameters like Xmax,  ̅𝑋�̅̅�  , ̅𝑋�̅̅� −̅̅̅ 1̅̅  , Ϭn, Ϭn-1and Km were calculated. 
After the calculation of gridded PMP values, an interpolated map is prepared for both methods. The 

statistical method gives higher calculated PMP values than the generalized method. The estimates of 

PMP can eventually be used to estimate PMF of the catchment. 

Keywords: PMP, Generalized method, Statistical method, Krishna Subbasin. 
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over Uttarkhand after June 2013 disaster using more than 100 stations rainfall data from 1901 to 2013. 

Analysis of rainfall shows that one-day extreme rainfall (>100mm) occurs in all months of the year. 

1.1 Study area 

Krishna River is the fourth largest river after Ganga, Godavari, and Brahmaputra in terms of water 

inflow. Krishna River springs at the Mahabaleshwar in the Western Ghats of Maharashtra. The length 

of the river is around 1400 kilometers which ends near Hamasaladeevi in Andhra Pradesh. Krishna 

basin has a size of 2, 58,948 sq.km with an average discharge of 2,213 m3 /s. It has 6 tributaries on the 

left and 7 tributaries on the right of the basin. The principal tributaries of Krishna River are the 

Tungabhadra River, Bhīma River, Musi River, Malaprabha River, and Ghataprabha River. The largest 

tributary of Krishna River is the Tungabhadra River flowing around 531 km with a drainage basin of 

71,417 sq.km. Tungabhadra formed at Koodli in Karnataka by the merge of the Tunga and the Badhra 

River and joins the Krishna river near Sangameswaram of Kurnool district in Andhra Pradesh.  

     Figure 1 Location map of the study area (Kulkarini et al., 2010) 

The Krishna Subbasin from the Mahabaleshwar (Origin of Krishna River) to the Almatti dam is 

considered for this study with an area of 27,808 sqkm. The study area is delineated by using the Arc 

GIS software. The study area lies between latitude 16.01˚-18.07˚ N and longitude 73.56˚-75.95˚ E. Total 

of 39 grid points present in the study area. 

1.1.1 Climatic features of the study area 

The Krishna basin is surrounded by the Western Ghats which has a profound influence on precipitation 

over the basin. The southwest monsoon progress over the basin and adjoining areas by the first week of 

June and covers the total basin at the end of June. During the Southwest monsoon, inconsistent low-

pressure systems like cyclone storms and depressions forming in the Bay of Bengal, usually produce 

intense rainfall over the basin after crossing the Indian coast, moving west to northwest direction. 

Southwest monsoon withdraws from the Krishna basin at the end of the second week of September.  

2. Data Used

Station data is the primary source for any Hydrometrological study but this data is very expensive, 

inconsistent, temporally, and spatially inhomogeneous. Errors in the rainfall data must be eradicated for 
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different analyzes and practical use. Data are converted into grid data to delete errors and make it useful 

for different analysis stations. For this study, grid data is used to eliminate the errors considered above. 

2.1. Rainfall data 

The grid data with a resolution of 0.25˚ X 0.25˚ is collected from the IMD website from 1961 to 2013. 

(http://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html). 

2.2. Dew point data 

Dew point temperature is used in the calculation of the Moisture Maximization Factor (MMF). Dew 

point temperature is calculated indirectly by using the temperature and relative humidity data. The 

temperature and relative humidity are procured from the NOAA website. 

2.3. Data Analysis 

The procured raw rainfall data from the IMD website is converted into a suitable excel format by using 

the R Studio software. 

3. Methodology

3.1. Generalized Method 

The generalized method is used for the large, metrologically homogeneous areas to estimate the PMP. 

This method requires severe rainstorms over the catchment and adjustments of moisture and 

topographic effects. In this study, rainfall greater than 200 mm for 1-day is considered as severe storms. 

After analyzing the data, 8 severe storm events were identified over the catchment.  

3.1.1. Depth Area Duration (DAD) method 

In this method, a rainstorm is considered as the unit of study. The rainstorm is analyzed by considering 

the rainfall values of all grid points for the particular day over the catchment. The inverse Distance 

Weightage method (IDW) in GIS is used to interpolate the data. The average depth of rain thus obtained 

is plotted against the accumulated area and a smooth curve of the envelope is drawn. It is considered 

that the starting point is the central value of this rainstorm. The envelope curve for the rainstorm is 

called the DAD curve. With the help of these DAD curves, rainfall depths for standard areas like 50, 

100 ……..5000 km2 can be found out. These rainfall depths measured over a standard area can be useful 

in the design of hydraulic structures related to irrigation, flood control, and hydropower generation. 

Figure 2 DAD curve for 24/07/2007 
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3.1.2. Calculation of Moisture Maximization Factor 

The PMP values for various durations are calculated by multiplying the highest rainfall values obtained 

from historical data with MMF. MMF The MMF is the ratio of precipitable water corresponding to the 

maximum persisting dew point temperature on record at the original location of the rainstorm in the 

same fortnight of the month in which the rainstorm occurred to the precipitable water corresponding to 

the maximum persisting dew point temperature of a rainstorm.  

To calculate the MMF, the synoptic situation of each severe rainstorm is studied and analyzed 

to understand how the moisture flow. Surrounding dew point values calculated by using the temperature 

and relative humidity values by using the equation number 1 & 2. 

𝑁 =
[ln(

𝑅𝐻

100
)+{

17.27+𝑇

237.3+𝑇
}]

17.27
 (1) 

𝐷 =
(237.3 ∗ 𝑁)

(1 − 𝑁)
 (2) 

The values of precipitable water (mm) are noted from WMO 1985 tables related to dew point 

temperature and barrier elevation.  

3.1.3. Results 

PMP values for each storm are calculated as shown in Table. 

Table 1 Estimated Grid PMP over Kerala Basin 
Sr.No Storm Date MMF SPS (mm) PMP (mm) 

1 02 July 1966 1.22 212 258.64 

2 06 June 1976 1.31 204.1 267.37 

3 28 June 1983 1.25 210.2 262.75 

4 24 July 1992 1.22 287.9 351.24 

5 19 June 1993 1.04 200.7 208.73 

6 26 July 2005 1.14 365.20 416.33 

7 30 May 2006 1.28 289.8 370.94 

8 24 June 2007 1.21 207.9 251.56 

3.2. Statistical Method 

Hershfield (1961, 1965) developed the statistical method based on the general frequency formula of 

Chow (1951) for small areas. The Hershfield PMP estimates closely related to Generalized method 

PMP estimates. It is an alternative method to estimate PMP where meteorological data like temperature, 

relative humidity is not available. 

Xpmp =  Xmax +  Km × σn  (3) 

Km = 
𝑋𝑚𝑎𝑥−𝑋𝑛−1̅̅ ̅̅ ̅̅ ̅̅

Ϭ𝑛−1
 (4) 

Where Xpmp = PMP rainfall for a given grid for a given duration 

𝑋𝑛̅̅̅̅  = average of series of N annual maximum rainfall for a given station for a 24 hr duration

Ϭn = standard deviation of the series of N annual maximum rainfall for a given duration. 

Km = Frequency factor which is the largest of all the calculated “Km” values for all station in a given 

area 

Xmax = the highest recorded value from the series of N annual maximum rainfall 

𝑋𝑛 − 1̅̅ ̅̅ ̅̅ ̅̅ ̅ = The average value of N-1 annual maximum rainfall excluding the highest value of Xmax

Ϭn-1 = the standard deviation of N-1 annual maximum rainfall excluding the highest value Xmax. 

After data analysis, the maximum precipitation (Pmax daily) at each grid for 1961 was calculated. 

For each year, 39 maximum precipitation values are there within the region for each grid. Likewise, for 
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the remaining 52 years, the process is repeated. Basic statistical parameters like Xmax., 𝑋𝑛̅̅̅̅  ,  𝑋𝑛 − 1̅̅ ̅̅ ̅̅ ̅̅ ̅ ,

Ϭn, Ϭn-1, and Km were calculated for the PMP estimation as shown in the table 2. 

      Table 2  Statistical parameters for calculation of PMP over Krishna Subbasin 
Sr No Longitude Latitude Xmax (mm) 𝑋𝑛̅̅ ̅̅

(mm) 

𝑋𝑛 − 1 Ϭn Ϭn-1 Km 

1 73.75 18 365.2 95.21 90.02 49.43 32.58 8.45 

2 74 18 262 66.10 62.33 36.03 23.90 8.36 

3 73.75 17.75 274.6 112.25 109.12 38.30 31.28 5.29 

4 74 17.75 173.3 74.06 72.15 29.99 26.90 3.76 

5 74.25 17.75 160.9 56.91 54.91 30.39 27.01 3.92 

6 73.75 17.5 212 103.5 101.41 31.45 27.88 3.97 

7 74 17.5 160.7 74.03 72.36 29.09 26.74 3.30 

8 74.25 17.5 105.2 51.00 49.95 20.91 19.70 2.80 

9 74.5 17.5 138.9 51.35 49.66 23.72 20.57 4.34 

10 73.75 17.25 203.1 107.91 106.08 32.62 30.11 3.22 

11 74 17.25 124.3 70.92 69.89 23.04 22.03 2.47 

12 74.25 17.25 93.8 51.28 50.47 17.47 16.60 2.61 

13 74.5 17.25 180.1 58.14 55.79 28.23 22.82 5.45 

14 74.75 17.25 130.2 49.86 48.32 22.87 20.17 4.06 

15 74 17 167.3 84.05 82.45 27.79 25.52 3.32 

16 74.25 17 161.4 62.40 60.50 24.07 19.95 5.06 

17 74.5 17 139.4 64.45 63.01 24.90 22.84 3.34 

18 74.75 17 109.4 50.03 48.89 20.05 18.45 3.28 

19 75 17 132.8 59.52 58.12 24.10 22.06 3.39 

20 74 16.75 163.6 94.62 93.29 31.45 30.25 2.32 

21 74.25 16.75 289.8 71.37 67.17 41.34 28.40 7.84 

22 74.5 16.75 148.4 66.00 64.42 29.21 27.14 3.09 

23 74.75 16.75 99.9 51.82 50.89 19.24 18.23 2.69 

24 75 16.75 101.5 57.29 56.44 19.98 19.19 2.35 

25 75.25 16.75 146.5 58.71 57.02 26.45 23.71 3.77 

26 74 16.5 287.9 114.95 111.63 41.38 34.04 5.18 

27 74.25 16.5 133.7 61.22 59.83 24.49 22.54 3.28 

28 74.5 16.5 104.4 52.85 51.85 19.11 17.89 2.94 

29 74.75 16.5 138.8 57.85 56.30 26.01 23.68 3.48 

30 75 16.5 179.3 62.06 59.80 31.94 27.73 4.31 

31 75.25 16.5 101.4 55.23 54.34 16.55 15.41 3.05 

32 75.5 16.5 142.3 52.72 51.00 21.90 18.21 5.02 

33 75.75 16.5 168.7 61.06 58.99 26.22 21.76 5.04 

34 74 16.25 215.7 96.40 94.10 39.55 36.27 3.35 

35 74.25 16.25 158.1 68.99 67.28 27.94 25.29 3.59 

36 74.5 16.25 143.5 62.58 61.03 26.95 24.74 3.33 

37 74.75 16.25 98.9 50.15 49.21 18.35 17.23 2.88 

38 75.5 16.25 164.1 63.25 61.31 28.10 24.61 4.18 

39 75.75 16.25 133.6 58.40 56.96 26.20 24.27 3.16 

3.2.1. Calculation of Km1 

In 1961, Hershfield experimented worldwide with 5700 stations (most of the stations are in the 

U.S.A) and gave a Km value as 15. But several researchers found that universal Km=15 gives 

exceptionally high values. In 1965, Hershfield himself found that the use of common Km=15 was not 

appropriate because in representing Km as a function of (Xn) range for different durations (5 min, 1,2,6 

& 12 hours) he suggested that as the series average increased in the magnitude of Km value there is a 

tendency to fall. Thus each station had its own Km value depending upon its magnitude of  𝑋𝑛̅̅̅̅  . so he

suggested Envelope “Km” line for obtaining the Km value for the corresponding  𝑋𝑛̅̅̅̅   value.
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Figure 3 Envelope curve for Km1 estimation 

An envelope line (dotted line) is drawn which encloses all the data points. For each 𝑿𝒏̅̅ ̅̅   value

corresponding “Km” was calculated. From the envelope line, the new Km (Km1) value is calculated 

corresponding to the mean (𝑿𝒏̅̅ ̅̅  ) value.

3.2.2. Results 

The results are summarized in the table 3 and estimated PMP values ranges from 430.54 to 260.94. The 

calculated PMP values by using the statistical method were spatially distributed with the help of ArcGIS 

10.3. IDW interpolation tool is used to interpolate the PMP values over the study area. Figure 4 shows 

the spatial variation of PMP over the Krishna Subbasin. 

          Table 3 Estimated Grid PMP over Kerala Basin 
Grid no Latitude Longitude New Km XPMP (mm) 

1 73.75 18 6.78 430.54 

2 74 18 7.53 337.48 

3 73.75 17.75 6.35 355.31 

4 74 17.75 7.33 293.79 

5 74.25 17.75 7.77 293.01 

6 73.75 17.5 6.57 310.14 

7 74 17.5 7.33 287.21 

8 74.25 17.5 7.92 216.59 

9 74.5 17.5 7.91 239 

10 73.75 17.25 6.46 318.54 

11 74 17.25 7.41 241.60 

12 74.25 17.25 7.91 189.51 

13 74.5 17.25 7.74 276.55 

14 74.75 17.25 7.95 231.68 

15 74 17 7.07 280.53 

16 74.25 17 7.63 245.95 
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17 74.5 17 7.57 253.06 

18 74.75 17 7.94 209.3 

19 75 17 7.70 245.09 

20 74 16.75 6.80 308.45 

21 74.25 16.75 7.40 377.11 

22 74.5 16.75 7.53 286.08 

23 74.75 16.75 7.90 203.83 

24 75 16.75 7.76 212.28 

25 75.25 16.75 7.72 262.96 

26 74 16.5 6.28 374.67 

27 74.25 16.5 7.66 248.71 

28 74.5 16.5 7.87 203.25 

29 74.75 16.5 7.74 259.24 

30 75 16.5 7.64 305.91 

31 75.25 16.5 7.81 184.52 

32 75.5 16.5 7.88 225.18 

33 75.75 16.5 7.66 261.95 

34 74 16.25 6.75 363.48 

35 74.25 16.25 7.46 277.32 

36 74.5 16.25 7.62 267.99 

37 74.75 16.25 7.94 195.91 

38 75.5 16.25 7.61 276.96 

39 75.75 16.25 7.73 260.94 

     Figure 4 Spatial variation of PMP over Krishna Subbasin 
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4. Discussions

4.1. Comparison of Generalized and Statistical method results 

The PMP values calculated by using the generalized and statistical method were compared at selected 

grids as the generalized method is done for only identified storms. 

Table 4 Comparison of Generalized and Statistical method results 
Latitude Longitude    XPMP (Generalized 

method) 

     XPMP 

(Generalized method)        

𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙 𝑚𝑒𝑡ℎ𝑜𝑑

𝐺𝑒𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑚𝑒𝑡ℎ𝑜𝑑

73.75 17.50 258.64 310.14  1.20 

73.75 17.25 267.37 318.54 1.19 

74.00 16.25 262.75 363.48 1.38 

74.00 16.50 351.24 374.67 1.07 

73.75 17.75 208.73 355.31 1.70 

73.75 18.00 416.33 430.54 1.03 

74.25 16.75 370.94 377.11 1.02 

74.00 16.75 251.56 308.45 1.23 

From table 4, it is concluded that the statistical method gives 1.02 to 1.70 times more value than the 

generalized method. As per researchers, the generalized method is more accurate, money, and time-

consuming. So the generalized method is applied where hydraulic projects incur more costs. The 

statistical method provides more factor of safety with the return interval T of the storm. 

4.2. Comparison of two methods with Maharashtra and Karnataka 2019 floods 

The PMP values of both generalized and statistical methods were compared with Maharashtra and 

Karnataka floods 2019. The daily rainfall for various stations was collected from August 5 to August 

10 from CWC daily reports. Kolhapur, Satara, and Belgaum districts were worst affected due to the 

August 2019 floods. 

    Table 5 Comparison of two methods with August floods 2019 

Latitude Longitude  XPMP 

(Generalized 

method) 

XPMP 

(Statistical 

method) 

XPMP  (August 

floods) 

𝑋𝑝𝑚𝑝

𝑋𝑚𝑎𝑥

(Generalized 

Method) 

𝑋𝑝𝑚𝑝

𝑋𝑚𝑎𝑥

(Statistical 

method) 

73.75 17.25 267.37 318.54 140.00 1.91 2.28 

74.00 16.25 262.75 363.48 180.00 1.46 2.02 

74.00 16.50 351.24 374.67 340.00 1.03 1.10 

73.75 18.00 416.33 430.54 380.00 1.10 1.13 

74.25 16.75 370.94 377.11 318.00 1.17 1.19 

74.00 16.75 251.56 308.45 216.00 1.16 1.43 

For the generalized method, the ratio ranges from 1.03 to 1.91, and for the statistical method, the ratio 

ranges from 1.10 to 2.28.  

5. Conclusions

From the One-day PMP study by using Generalized and Hershfield's (1961) methods over Krishna 

Subbasin, India following conclusions is obtained. 

1. The PMP magnitudes are high in Kolhapur, Satara, and Belgaum districts. In recent August

2019 floods, these districts had received heavy rainfall.

2. With a comparison of two methods, the statistical method gave higher values with a range of

1.02 to 1.70 than the generalized method.
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3. Comparison with August 2019 floods, the generalized method varies between 1.03 to 1.91 and

for the statistical method varies between 1.10 to 2.28. The statistical method provides way PMP

magnitudes than flooding rainfall.

4. The PMP map generated from this study will be helpful for the design purposes and safety

aspects of the important structures like Dam, Reservoirs, and Nuclear power plant design.
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Abstract 

In this case study, Daily Rainfall Data (1984-2019) of SambraRaingauge station in North Karnataka is used. An 

attempt was made to fit various probability distribution functions to the datasets of 1 day and 2 to 5 consecutive 

days annual maximum rainfall. The goodness of fit of probability distribution functions were tested by 

comparing the Chi-square (χ
2
) values. No single probability distribution was adequate to describe the entire 

datasets. Various trendlines were also fitted to the rainfall datasets mentioned above; the best fit was decided 

based on the value of coefficient of determination R
2
, no single trendline equation was able to describe the entire 

datasets. The magnitudes of 1 day as well as 2 to 5 consecutive days annual maximum rainfall corresponding to 

2 to 100 years return period were estimated best fit distribution function, it was found that even though Normal 

distribution function had low Chi-square value comparatively, it cannot be used overall for estimation of rainfall 

values of different return periods for all the datasets. Rainfall was also estimated by best fit trendline equation 

i.e.polynomial 3
rd

 order, for all the datasets corresponding to 2 to 100 years return period. It was observed the

rainfall values predicted for 100 years return period for 1 to 5 consecutive days maximum rainfall were

extremely high and unrealistic with respect to climate conditions of Sambra region. Chi-square test (χ
2
) was

conducted between observed rainfall and predicted rainfall by different trendline equations to ascertain the

bestfit as determined by R
2
, it was not able to establish the same results as determined by coefficient of

determination.

Keywords:Rainfall, Frequency Analysis, Probability Distribution, trendline equation, Chi-square test 

1. Introduction

In India, rain is the principal form of precipitation, except in the Himalayan region where 

there is snowfall (Subramanya, 2011). The major portion of the country gets more than 75% of its 

annual rainfall due to monsoon winds, which extends generally from June to September and little 

rainfall during retreating monsoon season in the months October and November. The rainfall data is 

of prime importance for all hydrologic studies (Reddy, 2014) and the variation in rainfall distribution 

both spatially and temporally causes serious hydrological problems (extreme events) such as floods 

and droughts (Subramanya, 2011).  

The magnitude of an extreme event and its frequency of occurrence are inversely related to 

each other; like very severe event occurs less frequently than more moderate events (Chow et al., 

2010). For economic planning, the design engineer associated with water infrastructure projects such 

as dams, flood control structures, irrigation and drainage work and others often require estimates of 

extreme maxima events with recurrence interval of 2-100 years, for this they resort to frequency 

analysis of rainfall /streamflow data. 

1.1Frequency Analysis 

The frequency analysis is the estimation of frequency of occurrence of a hydrological event 

(Bhakar et al., 2006) relating the magnitude of extreme events to their frequency of occurrence using 

probability distributions. The hydrologic data analyzed are assumed to be independent and identically 
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distributed, and the hydrologic system producing them is considered to be stochastic, space 

independent and time independent (Chow et al., 2010). 

Adlouni and Ouarda(2010) mentioned the steps to carry out the frequency analysis in 

accordance to Annual Maximum Series (AMS) approach. The steps involved in AMS are (i) selection 

of a sample in the form of a data series, which satisfies certain statistical criteria, (ii) fitting of the best 

theoretical probability distribution to represent this sample using the best fitting technique available 

for the distribution, and (iii) use of this fitted distribution to make statistical inferences about the 

underlying data. 

1.2 Studies Carried out on Frequency Analysis 

Frequency analysis of rainfall data has been studied extensively in different parts of India at 

various temporal scales such as daily rainfall(annual daily maximum, seasonal daily maximum etc.) 

and consecutive days maximum rainfall, varying from 2days to 7 days (May, 2004; Guhathakurta 

et.al., 2005; Bhakar et al., 2006; Ramesh et.al., 2008; Patel and Shete, 2008; Deka, et.al., 2009; 

Vivekanandan and Mathew, 2010; Singh, 2012; Mandal and Choudhury, 2014; Singla et al., 2014; 

Kandpal, 2015 and Sabarish, 2017), weekly rainfall (Sharda and Das, 2005; Bhakar et al., 2008; 

Nemichandrappa, 2010; Kusre and Singh, 2012; Singh et al., 2016; Rajeshkumar, 2016), monthly 

rainfall, seasonal rainfall, annual rainfall (Bhakar et al., 2008; Kusre and Singh, 2012; Singh et al., 

2016; Kumar, 2017; Sukrutha, 2018). 

The commonly used probability distributions were Normal, Lognormal, Gamma, Weibull, 

Log-Pearson type III, and Gumbel distributions. On the other hand, the goodness of fit were tested by 

comparing the Chi-square values, Akaike Information Criterion and Bayesian Information Criterion, 

Kolmogorov-Smirnov tests or by using combination of these. Attempts were also made to compare 

the different forms of distribution functions viz. Lognormal (2P, 3P),Gamma (2P, 3P), Weibull (2P, 

3P), log-logistic(2P, 3P), generalized gamma (3P, 4P) etc. and the goodness of fit were tested by 

comparing Kolmogorov–Smirnov test, Anderson Darling test and Chi-Square test (Sharda and Das, 

2005; Mandal and Choudhury, 2014; Kumar, 2017). 

Based on Likelihood ratio (LR) test, Sharda and Das (2005) revealed that three parameter 

distributions did not significantly improve the fit over two-parameter distributions within the same 

family. Even though the three-parameter probability distributions provided a better fit over two-

parameter distributions in certain cases, the estimated percentiles and/or bounds of 95% confidence 

interval were found to be inadmissible and/or physically unrealistic whenever improvement in the fit 

was observed. 

The exceedance probability of an event is obtained by the use of empirical formula, known as 

plotting position. Various plotting-position formulae have been listed (Rao and Hamed, 2000). To 

analyze the rainfall data by plotting position method, the conclusion of Cunnane (1978) as cited by 

Chow et.al.(2010) is duly acknowledged. He concluded that the Weibull plotting formulae is biased 

and plots the largest values of a sample at a too small return period for normally distributed data.  He 

also found the Blom (1958) plotting position (b=3/8) is closest to being unbiased, while for data 

distributed according to the Extreme Value Type-I distribution the Gringorten (1963) formula 

(b=0.44) is the best. Makonnen (2008) mentioned that Weibull’s plotting position formula is the 

correct plotting position in the extreme value analysis. The various other methods for determining the 

plotting positions, suggested during the last 90 years, such as the formulas by Blom, Jenkinson, and 

Gringorten, the computational methods by Yu and Huang (2001), as well as the modified Gumbel 

method, are incorrect when applied to estimation of return periods (Makkonen, 2005).  

2 Datasets and Methodology 
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Sambra is a suburban area located in Belagavi taluk of Belagavi district in Karnataka, India. 

The normal rainfall of Belagavi taluk is 1504 mm with an average of 68 rainy days. The region 

experiences pleasant winters and dry hot summers. The taluk falls under Northern transition zone 

according to agro-climatic zones of Karnataka. Most parts of Belagavi district contributes runoff to 

the Krishna river basin except small catchments of Khanapur, Belagavi and Bailhongal taluks which 

contribute runoff to the Mahadayi and Kalinadi rivers that flow towards the west. The daily rainfall 

data (1984-2019) of Sambra Observatory obtained from Indian Meteorological Department, Pune is 

used in present study. The Sambra observatory is located at 15.84˚N 74.53˚E, at an elevation of 747 m 

above mean sea level. Figure 1 presents the location map of Sambra observatory station.  

Figure1: Location map of Sambra, Belagavi District, Karnataka State, India 

(Image Source: https://bharatmaps.gov.in) 

The daily data in a particular year is converted to 2 to 5 days consecutive days rainfall by 

summing up the rainfall of corresponding previous days. The maximum amount of 1 day and 2 to 5 

consecutive days rainfall for each year was taken for analysis (Bhakar et al., 2006). The statistical 

parameters of 1 day and 2 to 5 consecutive days annual maximum rainfall are furnished in Table-1. 

Table 1: Statistical Parameters of Annual 1day and 2 to 5 Consecutive Days Maximum Rainfall 

S. No Parameters 1 day 2 days 3 days 4 days 5 days 

1 Minimum (mm) 150.0 273.1 382.2 434.5 506.6 

2 Maximum (mm) 41.0 56.4 59.0 62.6 66.2 

3 Mean (mm) 76.7 107.7 129.6 146.3 159.6 

4 Standard deviation (mm) 29.9 44.8 58.3 64.8 74.8 

5 Coefficient of variation (%) 37.7 41.6 45.0 44.3 46.9 

6 Coefficient of skewness 1.04 1.74 2.26 2.38 2.71 

The probability of exceedance of rainfall is computed using the Weibull’s plotting position 

formula and was applied to the prepared dataset of 1 day and 2 to 5 consecutive days annual 

maximum rainfall. The probability of exceedance of rainfall is given by p = M/(N+1), where M is the 

order or rank and N is the total number of events. The recurrence interval or return period T is 

computed as inverse of probability p (T = 1/p).  
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In the present study, an attempt is being made to fit various probability distribution functions 

viz. Normal (2P), Lognormal (2P), Gumbel (EVI), Pearson Type III and Log Pearson Type III to the 

datasets of 1 day and 2 to 5 consecutive days annual maximum rainfall.  The summary of probability 

distribution functions is given in Table-2.The goodness of fit of probability distribution functions will 

be tested by comparing the Chi-square (χ
2
) values. Also, various trendlines will be fitted to these 

datasets mentioned above; the best fit will be decided based on the value of coefficient of 

determination R
2
. The magnitudes of 1 day and 2 to 5 consecutive days annual maximum rainfall 

corresponding to 2 to 100 years return period will be estimated using best fit probability distribution 

function and compared with estimated values of rainfall with best fit trendline equation. 

Table 2: Probability Distribution Functions (as adopted from Chow et.al.2010) 

S. No Distribution Probability Distribution Function Parameters in terms 

of sample moments 

1 Normal 
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f (x) exp
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3 Frequency Analysis Using Frequency Factors 

According to Chow et.al. (2010), the variable XT of a hydrologic event is expressed as in 

equation (1): 

T TX K   
(1)

where μ is the mean,  is the standard deviation and KT is the frequency factor, which is the function 

of return period and type of probability distribution used for analysis. For Normal distribution 

function, the frequency factor can be expressed as: 

T
T

(X )
K





(2)

Equation (2) is same as the standard normal variate z. The value of z corresponding to an exceedance 

of p (= 1/T) can be calculated by finding the value of an intermediate variable w given by  
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1/2

2

1
w ln

p

  
   

  
       (0 < p≤ 0.5) (3) 

The standard normal variate z is computed using the equation (4) given by Abramowitz and Stegun 

(1965). When p > 0.5, (1-p) is substituted for ‘p’ in equation (3) and the value of z is computed by 

equation (4), however it is given a negative sign. The frequency factor KT for normal distribution is 

taken equal to variable z(Chow et.al. 2010).  

2

2 3

2.515517 0.802853w 0.010328w
z w

1 1.432788w 0.189269w 0.001308w

  
   

    (4) 

In case of Lognormal distribution, the same procedure of normal distribution applies except that the 

logarithms of the variables YT is used in place of XT, and their mean and standard deviation are used 

in equation (5). The required value of XT is found by taking the antilogarithm of YT.  

T y T yY K   
(5) 

The equation (6) given by Chow (1953) was used for determination of frequency factor in case of 

Extreme Value Type I: 

T

6 T
K 0.5772 ln ln

T 1

   
     

    
(6)

For Pearson Type III Distribution, frequency factor is computed using equation (7) given by Kite 

(1977) as mentioned in Chow et.al. (2010). 

2 3 2 2 3 4 5

T

1 1
K z (z 1)k (z 6z)k (z 1)k zk k

3 3
         (7) 

where k= CS/6, and Cs = coefficient of skewness. 

For Log-Pearson Type III Distribution, the logarithms to the base 10 of the hydrologic data was 

computed. The mean, standard deviation and coefficient of skewness CS were computed for the 

logarithmic values of the data and the frequency factor was computed using equation (7). 

4 Goodness of Fit 

The goodness of fit of a probability distribution can be tested by comparing the theoretical 

and sample values of the relative frequency or the cumulative frequency function (Chow et.al., 

2010).In case of the relative frequency function, the χ
2
test is used. The relative frequency of interval i 

is given by  

i
s i

n
f (x )

n
 (8) 

where ni is number of observations in the interval i and n is the total number of observations. 

The theoretical value of the relative frequency function, called the incremental probability 

function is computed by equation (9) 
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i i i 1p(x ) F(x ) F(x )  (9) 

The χ
2
 test statistic χc

2
 is given by

 
2

m
s i i2

C

i 1 i

n f (x ) p(x )

p(x )


  (10)

where m is the number of intervals. It may be noted that nfs(xi) =ni, the observed number of 

occurrences in interval i, and np(xi) is the corresponding expected number of occurrences in interval i. 

In χ
2
 test, degree of freedom is υ= m - p - 1, where m is the number of intervals and p is the 

number of parameters used in fitting the proposed distribution. A confidence level is chosen for the 

test; it is often expressed as (1 – α), where α is the significance level. A typical value for the 

confidence level is95 percent (α = 5%). The null hypothesis for the test is that the proposed 

probability distribution fits the data adequately. This hypothesis is rejected (i.e., the fit is deemed 

inadequate) if the value of χc
2
 in equation (10) is larger than a limiting value,χ

2
υ,1-αdetermined from

the χ
2
distribution with υ degrees of freedom as the value having cumulative probability (1–α).  

4.1 Curve Fitting or Trendline to Frequency Analysis Datasets 

The recurrence interval and rainfall values from the datasets of 1day and 2 to 5 days 

consecutive maximum rainfall was used to plot the variation of rainfall versus return period (in 

logarithmic scale). Various trendlines such as exponential, linear, logarithmic, polynomial (order-2), 

polynomial (order-3),and power were fitted to the data. The best fit was determined based upon the 

value of coefficient of determination R
2
. The table mentioned in Annexure I gives information about 

the different trendlines fitted, trendline equation along with coefficient of determination R
2
 for the 

datasets of 1day and 2 to 5 days maximum rainfall. 

5 Results and Discussions 

Figure 2 shows the variation between maximum rainfall and probability for observed 1 day 

and 2 to 5 days consecutive maximum rainfall and estimated rainfall values by various probability 

distributions. The estimated values of rainfall by normal distribution follow the trend of straight line 

except at the extremities where the trend deviates to curvilinear as also observed by Christopoulos and 

Liakopoulos (1963). The normal distribution underestimates the observed rainfall values (both high 

and low) at boundaries. On the other hand, lognormal and Log Pearson type III distributions are the 

special cases of one another at low skewness coefficient and are in close agreement to each other 

(Sharda and Bhushan, 1985) and in turn with observed values of rainfall except at high boundary. At 

high boundary, both distributions estimate less rainfall compared to the observed value with increase 

in consecutive days of rainfall. Further, the Extreme Value Type I distribution underestimates the 

observed rainfall values (both high and low) at boundaries. The estimated rainfall by Pearson Type III 

distribution is close to observed values for 1 and 2 days maximum rainfall except at higher boundary 

where it under estimates the observed rainfall. For 3-5 consecutive days maximum rainfall, Pearson 

Type III overestimates observed rainfall at lower boundary and underestimates observed rainfall at 

lower boundary. 

The Chi-square(χ
2
)values of different probability distribution have been furnished in Table-3. 

For 1 day annual maximum rainfall and 2 days consecutive maximum rainfall, the normal distribution 

had least chi-square values of 0.137 and 0.518, respectively whereas the extreme value type (I) 

distribution exhibit maximum chi-square values of 9.331 and 10.04, respectively, in these series. In 

case of 3 days consecutive maximum rainfall, lognormal distribution had least chi-square value of 

0.534 while extreme value type (I) distribution yields maximum chi-square value of 9.583. For 4 days 
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consecutive maximum rainfall log-Pearson (III) distribution results least chi-square value of 0.649, on 

the other hand lognormal distribution gives maximum chi-square value of 9.386. Further for 5 days 

consecutive maximum rainfall, normal distribution shows least chi-square value of 0.557 while 

extreme value type (I) distribution results maximum chi-square value of 4.818. Based on the statistical 

comparison of chi-square values for goodness of fit, normal distribution is the best fit for the observed 

values of 1 day annual maximum rainfall and 2 days and 5 days consecutive maximum rainfall, 

whereas lognormal distribution is the best suited for the observed values of 3 days maximum rainfall 

and log-Pearson type (III) distribution is best fit for the observed values of 4 days maximum rainfall. 

In all the series, extreme value type (III) exhibits the highest χ
2
 values.  

Figure 2: Variation of maximum rainfall with probability for observed 1day and 2 to 5 days 

consecutive Maximum Rainfall and estimated Rainfall values by various Probability Distributions 

The Chi-square (χ
2
) test values for different probability distribution functions mentioned in 

Table-3 viz. Normal, Lognormal, Extreme Value Type I, Pearson Type III and Log-Pearson Type III 

are calculated using equation (10) were found to be less than the limiting value of Chi-square at 95% 

confidence level i.e.,χ
2
υ,1-αfor all the data series. Hence, the null hypothesis for the test i.e., the

proposed probability distribution fits the data adequately and is well accepted at 95% confidence 

level. 

Table 3:Chi-Square test Values for Various Distribution Function 
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Data Series 
Probability Distribution Function 

Normal Log-Normal 
Extreme Value 

Type(I) 

Pearson 

(III) 

Log-Pearson 

(III) 

1 Day MR 0.137 0.313 9.331 6.174 1.159 

2 Days MR 0.518 0.560 10.04 1.747 1.413 

3 Days MR 0.724 0.534 9.583 2.892 0.675 

4 Days MR 0.778 1.062 9.386 3.348 0.649 

5 Days MR 0.557 0.654 4.818 2.670 0.649 

As illustrated in Table-4, logarithmic trendline is the best suited for 1 day and 2days 

consecutive maximum rainfall with respective R
2
 values of 0.976 and 0.971. On the other hand, 3

rd
 

order polynomial gives highest R
2
values of 0.953, 0.917, and 0.934 for 3 to 5 consecutive days 

maximum rainfall respectively. The details of best-fit trendline type, corresponding equation along 

with coefficient of determination for the datasets of 1day and 2 to 5 days consecutive maximum 

rainfall are given in Table 4. 

Table 4:Details of Best fit Trendline Equation and Coefficient of Determination 

Data Series Best Fit- Trendline Trendline Equation R
2
 

1 Day MR Logarithmic y = 33.53ln(x) + 44.81 R² = 0.976 

2 Days MR Logarithmic y = 51.8ln(x) + 58.38 R² = 0.971 

3 Days MR Polynomial 3
rd

 Order y = 0.031x
3
 - 1.700x

2
 + 28.95x + 57.11 R² = 0.953 

4 Days MR Polynomial 3
rd

 Order y = 0.032x
3
 - 1.704x

2
 + 29.04x + 72.36 R² = 0.917 

5 Days MR Polynomial 3
rd

 Order y = 0.035x
3
 - 1.858x

2
 + 31.64x + 77.97 R² = 0.934 

As the χ
2
 values of normal distribution, log-normal distribution and log-Pearson distribution 

were small and comparable, hence, it is decided to estimate the rainfall values for 2, 5,10, 20, 50, and 

100 years return period using all the three distribution functions.Table-5gives predicted values of 

rainfall for 1 day and 2to 5consecutive days maximum rainfall by all the three distribution functions. 

It is observed that normal distribution function estimates high values of rainfall for smaller return 

periods 2, 5,10 years of return period(except for 1 day). However, log-Pearson type III distribution 

estimates high rainfall values for larger return periods of 20, 50 and 100 years. Hence even though 

normal probability distribution function had low Chi-square value, it cannot be used to estimate 

rainfall for different return periods in general for all the time periods. 

Table 5:Predicted Rainfall using Normal, Lognormal and Log-Pearson type III Distribution function 

Return 

Period 

(years) 

Estimated Values of Maximum Rainfall (mm) 

1 Day 2 Days 3 Days 4 Days 5 Days 

N LN LP N LN LP N LN LP N LN LP N LN LP 

2 76.7 72.0 70.40 107.7 100.4 96.6 129.6 119.8 115.9 146.3 135.5 132.2 159.6 147.3 142.6 

5 101.1 96.8 96.0 145.4 136.0 133.7 178.6 165.3 163.1 200.8 186.4 184.6 222.6 203.8 201.1 

10 113.9 113.1 114.4 165.2 159.4 162.2 204.3 195.6 198.7 229.3 220.3 223.2 255.5 241.6 245.4 

20 124.4 128.5 133.1 181.5 181.8 192.7 225.4 224.8 236.4 252.8 252.8 263.0 282.7 278.0 292.2 

50 136.3 148.4 158.9 199.8 210.7 237.3 249.3 262.9 290.9 279.3 295.2 319.2 313.3 325.5 359.8 

100 144.1 163.4 179.8 212.0 232.5 275.1 265.2 291.9 336.3 296.9 327.4 365.2 333.7 361.7 416.2 

*N-Normal Distribution, LN-Lognormal Distribution, LP-Log-PearsonType III Distribution

Table-6 shows predicted values of rainfall by 3
rd

 order polynomial for 1 day and 2 to 5 

consecutive days maximum rainfall respectively. A maximum of 64.8mm in 1 day, 89.9 mm in 2 

days, 108.5mm in 3 days, 123.9mm in 4 days and 134.1 mm is expected to occur in Sambra for every 

2 years. For recurrence interval of 100 years the maximum predicted for 1day, 2 to 5 days consecutive 

maximum rainfall are 4701.6 mm, 8031.2mm, 16952.1mm,17936.mm and 19662.0 mm respectively. 

230



The rainfall values predicted for 100 years return period for 1 to 5 consecutive days maximum rainfall 

were extremely high and unrealistic with respect to climate conditions of Sambra region. 

Table 6:Predicted Rainfall Values using Polynomial 3
rd

 order Trendline Equation 

Return Period 

(years) 

Maximum Rainfall (mm) 

1 Day 2 Days 3 Days 4 Days 5 Days 

2 64.8 89.9 108.5 123.9 134.1 

5 99.3 134.4 163.2 179.0 194.1 

10 132.3 178.7 207.6 224.4 243.6 

20 136.0 199.2 204.1 227.6 247.6 

50 243.1 578.7 1129.6 1264.4 1390.0 

100 4701.6 8031.2 16952.1 17936.4 19662.0 

The trendlines are also curves, fitted to the datasets of observed values of rainfall, the bestfit 

being decided based upon the highest value of coefficient of determination R
2
. To ascertain the bestfit 

as determined by R
2
 values it was also decided to conduct Chi-square test(χ

2
) between observed 

rainfall and predicted rainfall by different trendline equations mentioned in earlier sections. Table-7 

shows chi-squares values between observed rainfall and predicted rainfall by different trendline 

equations. The logarithmic trendline was the best fit as it had lowest χ
2 
values among all the trendlines 

and in turn in all the observed datasets. The 3
rd

 order Polynomial trendline, which was used to overall 

estimate the rainfall for 1 day maximum rainfall and 2 to 5 consecutive days maximum rainfall and 

for return periods for 2, 5, 10, 20, 50, and 100 years had more Chi-square value than logarithmic 

trendline. Thus, it can be concluded that Chi-square (χ
2
) test is an important tool, which can be used 

instead of coefficient of determination R
2
 in determining the bestfit. 

Table 7:Chi-square values- Observed rainfall and Predicted rainfall by different trendline equations 

Observed Datasets 

Trendline Equation Type* 

Linear Logarithmic 
Polynomial 

2
nd

 order 

Polynomial 

3
rd

 Order 
Power 

1 Day Maximum Rainfall  33.07 6.05 6.64 7.63 12.71 

2 Days Maximum Rainfall 14.65 0.24 15.80 0.34 0.56 

3 Days Maximum Rainfall 11.12 1.92 11.45 5.86 6.03 

4 Days Maximum Rainfall 42.71 12.24 44.92 28.36 18.20 

5 Days Maximum Rainfall 22.04 10.28 17.19 15.41 31.18 

* Exponential trendline equation was not considered

6 Conclusions 

An attempt is made to fit different probability distribution functions to 1 day and 2 to 5 

consecutive days annual maximum rainfall data of SambraRaingauge station of Belagavi, Karnataka, 

India. The distributions included in the study are Normal (2P), Lognormal (2P), Gumbel (EVI), 

Pearson Type III and Log Pearson Type III. The goodness of fit of probability distribution functions is 

tested by comparing the Chi-square values. Following are the conclusions drawn from the study:  

1. It is found that no single probability distribution is adequate to describe the annual maximum

rainfall of different durations. Normal distribution is best suited for the observed values of 1 day, 2

days and 5 days consecutive maximum rainfall with chi-square values of 0.137. 0.518 and 0.557

respectively. Lognormal distribution is best fit for 3 days maximum rainfall with chi-square value

of 0.534 and log-Pearson type (III) distribution for 4 days maximum rainfall with chi-square value

of 0.649. All the chi-square values are found to be less than the limiting value of Chi-square at
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95% confidence level and hence the proposed probability distribution fit the data adequately and 

are accepted at 95% confidence level.  

2. Various trendlines are also fitted to the rainfall datasets. Based on the value of coefficient of

determination R
2
,logarithmic trendline is the best one for 1 day and 2days consecutive maximum

rainfall with R
2
 values of 0.976 and 0.971, respectively. For 3 to 5 consecutive days maximum

rainfall, 3rd order Polynomial trendline with highest R
2
values of 0.953, 0.917, and 0.934

respectively, is best suited.

3. The magnitudes of 1 day as well as 2 to 5 consecutive days annual maximum rainfall

corresponding to 2 to 100 years return period were estimated using normal distribution, log-normal

distribution and log-Pearson type III distribution as their Chi-square (χ
2
) values were small and

comparable. Normal distribution function estimated high values of rainfall for smaller return

periods 2, 5 and 10 years return period(except for 1 day) while log-Pearson type III distribution

estimated high rainfall values for larger return periods of 20, 50 and 100 years. In spite of low Chi-

square value, normal distribution function cannot be used for overall estimation of rainfall values

of different return periods.

4. Rainfall was also estimated by 3
rd

 order polynomial equation for all the data range corresponding

to 2 to 100 years return period. It was observed the rainfall values predicted for 100 years return

period for 1 to 5 consecutive days maximum rainfall are extremely high and unrealistic with

respect to climate conditions of Sambra region.

5. Chi-square test (χ
2
) was conducted between observed rainfall and predicted rainfall by different

trendline equations to ascertain the bestfit as determined by R
2
. The logarithmic trendline was the

best fit as it had lowest chi-square values (χ
2
) among all the trendlines and in turn in entire datasets.

The 3
rd

 order polynomial trendline, which was used to overall estimate the rainfall for 1 day

maximum rainfall and 2 to 5 consecutive days maximum rainfall and for return periods for 2, 5, 10,

20, 50, and 100 years had more Chi-square value than logarithmic trendline. This indicates that the

Chi-square (χ
2
) test is an important tool to determine the goodness of fit rather than coefficient of

determination.

6. The results will facilitate the design engineers and hydrologist, who require information about

annual daily maximum rainfall and consecutive days maximum rainfall of different frequencies or

return period for planning and design of the small and medium hydraulic and soil and water

conservation structures, irrigation, drainage works.
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Table ADetails of Trendline Type, Trendline Equation and Coefficient of Determination (R
2
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Linear y = 3.547x + 61.51 R² = 0.646 

logarithmic y = 33.53ln(x) + 44.81 R² = 0.976 
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 Order y = -0.209x
2
 + 10.47x + 44.66 R² = 0.924 

Polynomial 3
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2
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logarithmic y = 51.8ln(x) + 58.38 R² = 0.971 
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 Order y = -0.195x
2
 + 12.7x + 65.23 R² = 0.933 
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 Order y = 0.016x
3
 - 1.015x

2
 + 21.3x + 51.23 R² = 0.963 

Power y = 67.77x
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Linear y = 8.246x + 94.18 R² = 0.863 
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 Order y = -0.091x
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rd

 Order y = 0.032x
3
 - 1.704x
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Power y = 91.76x
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 R² = 0.850 
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 R² = 0.611 

Linear y = 10.68x + 113.8 R² = 0.879 

logarithmic y = 80.36ln(x) + 83.12 R² = 0.840 

Polynomial 2
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 Order y = -0.064x
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ABSTRACT 

The rainfall data recorded in the discrete-time interval miss the true accumulation of extreme events. 

The rainfall correction factor (RCF) is used to convert the fixed interval maximum rainfall to true 

interval maximum rainfall. This study is an attempt to establish the empirical relationship between 

RCF and sampling ratio (ratio of the duration of interest and the observation time step) for the Jaipur 

city, India using the observed self-recording rain gauge (SRRG) data of hourly duration. The empirical 

relationship developed can be used to convert 1-day and 1-hour observed maximum rainfall 

accumulation into the true rainfall accumulation of 24-hours and 60 minutes respectively. The Extreme 

value Analysis (EVA) is performed to evaluate the extremes for various return levels. The effect of 

discretization on the extreme rainfall is analyzed to overcome the underestimation and overestimation 

of the extreme rainfall values. 

Keywords: Rainfall Correction Factor, Sampling ratio, Discretization, Jaipur City, EVA 

1. Introduction

The infrastructure system acts as the front line of protection against flooding, heat, earthquakes, and 

many other natural or man-made calamities. The design standards of Infrastructures are based upon 

the extreme weather events or in a more precise term, hydraulic structures design is dependent on 

the extreme rainfall. The rainfall measured at the fixed interval necessarily does not become equal 

to actual rainfall, since the extreme rainfall can take place at any time of the day. The discrepancy 

between the rainfall measured at the fixed interval and the actual rainfall is abridged by the rainfall 

correction factor. The revised true rainfall provides more accurate results for the construction of 

Infrastructure as well as for the development of IDF curves. The updated IDF curves due to changing 

rainfall patterns from the decades, are beneficial for the water resources and planning management. 

The IDF curves should be updated from time to time to provide new water management strategies. 

Generally, the accumulated rainfall is recorded once or twice in 24 hours. Thus, there is a need for 

a conversion factor to be applied to maximum point rainfall to obtain the actual rainfall intensity for 

shorter durations. 

A rainfall correction factor is provided to revise the constraints of rainfall information which is very 

challenging to achieve a true-interval maximum rainfall. In India, the correction factor given by the 

IS 5542:2003 to convert the maximum 24-hour rainfall is 1.15 times the corresponding daily rainfall 

which applies to all regions in India. Ayyar and Tripathi (1973) provided the rainfall correction factors 

for the different regions in India to convert the clock hour to actual 60-minute rainfall and daily rainfall 

to 1440-minute rainfall. Dhar and Ramachandran (1970) found the rainfall correction factor to convert 

the clock hour to 60-minute rainfall as 1.11 for only one station in Calcutta. Still, the work done to 

convert the maximum 1-hour rainfall to the true 1-hour rainfall for different regions in the country is 

lagging. Deshpande (2010), evaluated the CHCF for the Indian subcontinent as mean value 1.167 with 

the lowest CHCF 1 for Aurangabad and Coimbatore and maximum CHCF 1.38 for Imphal. The effect 
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of CHCF on the extreme rainfall over the western ghat region is quantified by Dauji, 2019. The Central 

Public Health and Environmental Engineering (CPHEEO, 2019) manual emphasized extreme rainfall 

analysis based on the probabilistic approach. 

The study on the RCF was carried out around the world and reported in the literature, the RCF vary 

as per the region and climatology of the area (Hershfield and Wilson 1957, Hershfield 1961, Weiss 

1964, Huff and Angel 1992, Van Montfort 1997, Young and McEnroe 2003, Yoo et al., 2015, 

Morbidelli et al., 2017). The statistical analysis of extreme events using EVA for AMS was found in 

the literature (Coles 2001, Martins and Stedinger 2000). EVA distribution fitting and its details are 

elaborated by Timbadiya and Ghate, 2020. The relationship between sampling ratio and average 

underestimation in rainfall depth is established for Central Italy using different temporal aggregations 

of rainfall (Morbidelli et al., 2017). 

The present study is carried out to investigate the following objectives (a) Empirical relationship 

between RCF and sampling ratio for the aforementioned study area. (b) The extreme rainfall values 

for various return levels using EVA on AMS (FW and SW). 

2. Study area and data collection

Jaipur is the largest city and the capital of Rajasthan state in India. The annual rainfall in Rajasthan is 

600 mm.  The Jaipur district is situated in the northern part of east Rajasthan. The latitude and longitude of 

the Jaipur city are 26° 55’ N, 75° 49’ E respectively. The Jaipur city has an area of 11,117.8 square 

kilometers and its extent over mean sea level is 390 m. In the north, the Nahargarh hills, and in the east, 

Jhalana hills surround the city. The southern part of the Jaipur has uplands while the north part consists 

of the mountains. The Nahargarh and jhalana hills are part of the Aravali hills range. The temperature 

in the city rises to 45 degrees during summers and is approximately 2 degrees in the winter season. 

Monsoon showers are experienced by the city from June to September and the rest comes from the  

winter cyclones (Jaipur Municipal Corporation). 

http://jaipurmc.org/Presentation/AboutMcjaipur/CityProfile.aspx) 

The rainfall data of the Jaipur city was collected from the India Meteorological Department (IMD) 

Pune between 1973 and 2013. A total of 40 years of data of temporal resolution one hour was analysed 

in the present study. 

Figure 1. Location map of the study area 

3. Methodology
The SRRG data for Jaipur city raingauge station for the period of 1970-2013 was analysed calendar 

year wise. The missing values were filled with the method recommended by Papalexiou et al., (2016). 

Testing for outliers was carried out on the data to check whether any data points depart significantly 
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from the trend of the remaining data as per Chow et al., (1988). Aggregation of the rainfall data from 

2-24 hours is carried out. The sampling ratio (Ratio of the duration of interest to the observation time

step) was selected and Rainfall Correction Factor (RCF) was computed as per the method given by

Young and McEnroe (2003). The RCF model was developed for the Jaipur raingauge station which

will help in converting fixed interval maxima to true interval maximum value. In the AMS, the

maximum value from each calendar year is considered while deriving Fixed Window (FW) maxima

and Sliding Window (SW) maxima. Rainfall CF has been computed using AMS (FW and SW) rainfall

data series. Innovative-Sen trend method was performed on the AMS series to check the trend of

extremes over the study region, Sen (2012). Model-checking using probability plot, quantile plot, and

return level plot is represented to check the reliability of the distribution fitted (Coles, 2001). The

goodness of fit test is performed on the fitted distribution. The extremes are evaluated for the various

return periods and compared with the extremes computed using the CHCF reported in the literature.

3.1 Development of Rainfall Correction Factor (RCF) model 

The methodology adopted was given by Young and McEnore (2003) to develop an empirical rainfall 

correction factor. 

1. For every duration

(i) For individual sampling ratios

(a) Sliding maximum rainfall was computed for a specified duration.

(b) Fixed maximum rainfall was computed for the specified duration using fixed-interval

observations.

(c) The correction factor was computed by dividing the Sliding maximum rainfall with

Fixed maximum rainfall.

(ii) The correction factor was averaged for each sampling ratio.

2. A comparison was done for all the correction factors across all durations.

3. The correction factor was averaged for all durations.

After the development of the correction factor for each duration, a graph was plotted for sampling 

ratios and the average correction factor for all durations to check the relationship between the rainfall 

correction factor and duration. The developed duration-average correction factor for the study area 

was compared with the rainfall correction factors computed by Weiss (1964), Huff and Angel (1992), 

and Young and McEnroe (2013). 

3.2 The Generalized Extreme Value distribution (GEV) 

The Generalized Extreme Value distribution (GEV) has three parameters: a location parameter (μ), a 

scale parameter (σ), and a shape parameter (𝑘). The distribution incorporates Type I (𝑘 =0), Type II 

(𝑘 > 0), and Type III (𝑘 < 0) distributions of various families like Gumbel’s, Frechet’s, and Weibull 

respectively, Coles (2001). To family of the distributions can be checked using the function given in 

Eq. 1 defined on the set {z: 1 + 𝑘 ((z-μ)/σ) > 0}, where the parameters satisfy -∞ < μ < ∞, σ> 0 and -

∞ < 𝑘 < ∞. 

𝐺(𝑧) = exp {− [1 + 𝑘 (
𝑧−𝜇

𝜎
)]

−1/𝑘
} Eq. 1 

Method of the maximum likelihood function is adopted to perform GEV, considering it the most 

theoretically correct method, Martins and Stedinger (2000). 

4. Result and Discussion

4.1 Development of Rainfall Correction Factor (RCF) model 

An empirical rainfall correction model was developed for the Jaipur City using the sampling ratios of 

2 to 24 and with different rainfall correction developed by Weiss (1964), Young and McEnroe (2003), 

Huff and Angel (1992). The curve as shown in Figure 2 was fitted to an empirical rainfall correction 
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factor derived from the SRRG Jaipur rain gauge data forcing the rainfall correction factor to be equal 

to 1.21 having a sampling ratio of one. The sampling ratio 1 shows, to convert the maximum one-day 

rainfall to 24-hour rainfall and observed maximum 1-hour rainfall to 60 min rainfall is the same.  The 

fitted equation is described by Eq. 2 as: 

𝑅𝐶𝐹 = 1.28 (1 +
𝐷

∆𝑡
)

−0.084
 Eq. 2 

Where, RCF = Rainfall Correction Factor, D = Duration of interest, and ∆𝑡 = Observation time step. 

Figure 2. RCF Model with other studies reported in the literature 

This empirical model is an attempt to study the methodology presented by Young and McEnroe 

(2003). The temporal resolution of the data is the limitation of the study. The model can give accurate 

results for the rainfall data observed at a temporal resolution of 1 minute. 

The RCF computed using Eq.2. are presented in Table 1. The RCF obtained from this study represents 

the mean discrepancy in sliding and fixed maximum obtained for the same duration from fixed-interval 

observations. 

Table.1 Rainfall correction factors developed for different durations 

Sampling Ratio, n Rainfall Correction Factor 

1 1.21 

2 1.17 

3 1.14 

6 1.09 

12 1.03 

24 0.98 

4.2 Testing of Outliers 

The data series is tested for Outlier testing as per (Chow et al., 1988). The extreme rainfall depths are 

checked for high and low outliers. The maximum value of AMS (FW and SW) were 287 mm and 349 

mm respectively. The limits of higher values in the outlier testing are found 302mm and 381 mm for 

AMS (FW and SW) respectively. The minimum values of the extremes are 20.3 mm and 20.7 mm for 

AMS (FW and SW) respectively. The limits for lower values in the outlier testing are 16 mm and 17 

mm respectively. It is clear from the values that the data series is free from high and low outliers. 

Sampling Ratio 
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4.3 Innovative-Sen Trend method  

The time series of extreme rainfall is subdivided into two equal parts and the scatter plot is prepared 

with the series arranged in ascending order along the 1:1 line. The non-monotonic increasing trend is 

found in the study area. The trend assessment by the Innovative-Sen method for various hydro-

meteorological variables and the illustration of trend types are given by Dabanli et al., (2016).  

Figure 3. Innovative trend analysis 

4.4 Statistical parameters and effect of discretization   

The descriptive statistics are evaluated for daily maximum rainfall for AMS (FW and SW) and 

corresponding computed CF tabulated in Table 2. The Difference in the computation in statistical 

parameters of FW and SW data can be observed clearly. The spread of the SW data is 17.5% more 

than FW data. 

Table 2 Statistical parameters for AMS 

Statistical parameters 

Annual Maxima Series (AMS) data 

FW Extreme rainfall 

(mm) 

SW Extreme rainfall 

(mm) 

CF 

Mean 81.01 95.5 1.174 

Median 67.55 75.7 1.108 

Standard Deviation 54.52 66 0.196 

Maximum 287 349 1.728 

Minimum 20.3 20.7 1 

Coefficient of variation 0.67 0.69 0.167 

The effect of discretization on the extreme rainfall frequency is plotted in figure 4 for AMS (FW) and 

AMS (SW) data. The rainfall recorded in a discrete-time interval and the extremes in true interval 

accumulation are evaluated. It can be seen in Figure 4, the histogram for AMS (FW) and AMS (SW) 

frequency of 300-350 mm rainfall is missed in FW. The frequency of rainfall between 150-200 mm is 

less in FW as compared to SW. The frequency plot indicated the underestimation of extremes in FW. 
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Figure 4. Maximum daily rainfall frequency plot 

The statistical parameters of AMS (FW) are multiplied with CF reported in the literature and evaluated 

in the present study. The CF evaluated as 1.174, higher than the conventional CF 1.15 given by IS 

5542-2003, which applies to the whole Indian region uniformly. The descriptive statistics elaborated 

in Table 3, the maximum value is higher in AMS (SW) compared with other CF reported in the 

literature and computed in the present study. 

Table 3 Summary statistics for AMS (FW) multiplied with CF 

Statistical 

parameters 

AMS (FW) extreme annual rainfall (mm) AMS (SW) 

Extreme 

rainfall (mm) 
CF 

1.00 

CF 

1.167 

(Deshpande 

2010) 

CF 

1.15 

IS 5542-

2003 

RCF Model 

1.21 

(Obtained 

in the 

present 

study) 

CF 

1.174 

(Obtained 

in the 

present 

study) 

Mean 81.01 94.54 93.16 98.02 95.11 95.5 

Median 67.55 78.83 77.68 81.74 79.30 75.7 

Standard 

Deviation 

(S.D) 

54.52 63.62 62.70 65.97 64.01 66 

Maximum 287 334.93 330.05 347.27 336.94 349 

Minimum 20.3 23.69 23.35 24.56 23.83 20.7 

Coefficient of 

variation 

(C.V) 

0.67 0.78 0.77 0.81 0.79 0.69 

4.5  Model Diagnostics for Fitted Distribution of AMS 

The fitted distribution is checked for its goodness of fit, the Anderson-Darling (A-D) test is adopted 

for AMS. The AD test gives more weightage at the tails of the distribution (Dauji, 2019). The critical 

value of the AD test at the 0.05 significance level is represented in Abidin and Adam (2014). The test 

statistics AMS (FW) 0.278, AMS (SW) 0.434 are below the critical values for sample size 40 and 

shape parameter (k) in between 0.2 and 0.3.and hence the distribution is acceptable.  

The GEV distribution fitted to the extreme rainfall values is checked with the model diagnosis plots 

as probability plot, quantile plot, and return level plot. The empirical probability and empirical 

quantiles are observed data and the GEV distribution gives the model probability and model quantile. 
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Figure 5 (a) shows the points are close to the 1:1 line, which indicates the model is in good agreement. 

The extreme event beyond 300 mm has deviated from the 1:1 line in figure 5 (b). 

Figure 5. (a) probability plot AMS (FW and SW). (b) quantile plot AMS (FW and SW) 

Return level plots for AMS (FW and SW) are plotted in Figure 6. The shape of the return level plot 

represents the shape parameter (𝑘) of the fitted distribution. In the present study, the shape parameter 

(𝑘) is greater than zero for AMS (FW and SW). For 𝑘 > 0 and 𝑘 < 0, the return level plots will show 

concave behavior with no finite bounds and convex behavior respectively.  

Figure 6. Return level plot AMS (FW and SW) 

4.6 The maximum rainfall depth for various return levels 

The extreme rainfall depths for various return levels are estimated using the fitted GEV distribution 

parameters. The CF reported in the literature and computed in the present study is compared with 

extreme return levels of AMS (SW) tabulated in Table 4. The AMS (SW) return levels for 25, 50, and 

100-year are higher than other CF reported and evaluated in the study.

241



Table 4 Maximum rainfall depths for various return levels 

Return 

Period 

Year 

AMS (FW) extreme annual rainfall (mm) AMS (SW) 

Extreme 

 rainfall 

(mm) 

CF 

1.00 

CF 

1.167 

(Deshpande 

2010) 

CF 

1.15 

IS 5542-

2003 

RCF 

1.21 

(Present 

study) 

CF 

1.174 

(Present 

study) 

2 68 79.4 78.2 82.3 79.8 78 

5 106 123.7 121.9 128.3 124.4 126 

10 138 161.0 158.7 167.0 162.0 167 

25 187 218.2 215.1 226.3 219.5 231 

50 231 269.6 265.7 279.5 271.2 290 

100 281 327.9 323.2 340.0 329.9 360 

5. Conclusions
The empirical relationship is established in the present study to convert 1-day maximum rainfall to 

24-hour maximum rainfall. The RCF model is having the limitation of the temporal resolution of the

data. The factor given by the RCF model is compared with other factors reported in the literature. The

EVA is performed on the AMS (FW and SW) for Jaipur city. The key conclusions are listed below.

▪ The RCF model is giving the factor 1.21 to convert observational 1-day maximum to 24-hour

maximum rainfall depth.

▪ The CF1.174 is computed using the ratio of SW rainfall maxima to FW rainfall maxima for

the corresponding AMS data.

▪ The CHCF 1.15 given by IS 5542-2003, underestimate the extremes for the present study area.
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ABSTRACT 

The present study on rainfall analysis for Ahmedabad city is an attempt to quantify the effect of the 

clock hour correction factor (CHCF) provided in Indian Standard (IS) 5542-2003. The IS code gives 

uniform CHCF over the entire India. The Generalized Extreme Value (GEV) analysis is adopted for the 

Annual Maxima Series (AMS) and the computed extremes were compared with Conversion Factor (CF) 

available in the literature. The study highlights the effect of CF on underestimation or overestimation 

of the rainfall extremes. 

Keywords: Conversion Factor, Generalised extreme value analysis, Annual maxima series 

1. Introduction

The extreme precipitation and its impacts can cause a significant global risk to the society and economy. 

The hydrologic structures need to be designed for the best possible estimation of the intensity and 

frequency of the extreme rainfall depths (Hu et al., 2020). The Annual Maxima Series (AMS) data are 

fitted with Generalized Extreme Value (GEV) Distribution for Fixed Window (FW) and Sliding 

window (SW). The CF is computed and compared with past studies and Indian Standard 

recommendations. The CHCF is given by the IS 5542:2003 as 1.15 to convert daily maximum 

accumulation to 24-hour maximum accumulation. The recommended CHCF may underestimate or 

overestimate the actual maximum accumulation for some regions in India. On this background, the 

improvements in the CHCF which is an important parameter in the frequency analysis need to be 

revised. The discretization of a continuous variable like rainfall may affect extreme events and leads to 

the incorrect computation of extreme values. Using hourly rainfall data of Ahmedabad city, the 

Conversion Factor (CF) is developed to overcome the error in the fixed interval maximum rainfall 

depth. Statistical analysis of extreme events using GEV distribution has found many applications in 

hydrologic data (Martins and Stedinger 2000). The temporal resolution of rainfall data can play a 

important role, particularly in the assessment of extreme rainfalls with a short period in the design of 

hydraulic and drainage systems (Du Plessis and Burger 2015). 

The 24 hours (Daily) observations of recording rain gauge stations for a long historic period are used 

in the computation of rainfall for given duration frequency analysis. As the maximum 24-hour rainfall 

seldom coincides with observational day’s rainfall (IS 5542-2003). Further, the rainfall depth used for 

the design flood should be for a duration not fixed for observation times.  

The CF is the ratio of true interval maximum rainfall depth to fixed interval annual maximum rainfall 

depth. In various literature, this factor is reported by various names like Sampling Adjustment Factor 

(SAF) (Young and McEnroe 2003), Hershfield factor (H factor) (Hershfield and Wilson 1958), Clock 

Hour Correction Factor (CHCF) (IS 5542-2003, Dauji 2019, Deshpande 2010), Conversion Factor (CF) 

(Yoo et al., 2015) for different regions across the globe. The rainfall CF varies as per the climatology 

of different locations of the world. The summary of CF reported in the literature for various locations 

is tabulated in Table 1. 
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There is a great spatial variation in the amounts of rainfall received in India. The western Rajasthan 

receives the average annual rainfall less than 13 cm, while the Meghalaya receives as much as 1141 cm 

(Attri and Tyagi 2010). Keeping given above, a single value of clock hour correction applied for the 

development of the IDF curve directly affects the design of hydrological infrastructure and which needs 

to be revised. 

Table 1 Summary of CF for different locations reported in the literature 

Country Author Duration (Data) C.F

India 

Ayyar and Tripathi (1973) 
Hourly data 

Daily data 
1.13 

IS 5542-2003 Daily data 1.15 

Deshpande (2010) Hourly data 1.167 

PMP atlas 

volume I (2015) for west-flowing 

rivers of western ghats 

1.15 

UK 

Dwyer and Reed (1994) Daily data 1.167 

Fowler et.al (2015) 
Daily rainfall data. 

(1,2,5 and 10 days) 
1.16, 1.11, 1.035, 1.005 

Flood estimation handbook 

(Institute of hydrology 1999) 
1.16 

New Zealand Van Montfort (1990) Daily rainfall data 1.137 

United States 

(U.S) 
Hershfield (1961) 

Hourly data and daily 

data 
1.13 

Recently, the GEV analysis is performed on the study area of western coast of India to assess the effect 

on the CHCF (Dauji, 2019). Timbadiya and Ghate (2020) provided understandings on the fitting of the 

distribution using GEV and its quantitative assessment to the extreme rainfall. 

In the present study, Using the Maximum likelihood estimation function GEV analysis for AMS is 

carried out. The effect of discretization on rainfall is analyzed using observed accumulation and true 

accumulation with the help of frequency histograms. The CF is computed to overcome the 

overestimation and underestimation of extremes required in the frequency analysis. The evaluated CF 

is compared with the CF reported in the literature for India. The model diagnostic is performed using 

Goodness of fit test, probability plot, quantile plot, and return level plot to check the validity of the 

fitted distribution. The variation in CF for AMS and its effect on extreme values for various return 

periods is computed.  

2. Study area and Data collection

The Ahmedabad city, the area under study is situated on the banks of River Sabarmati in the western 

part of India in the state of Gujarat. It is the seventh-largest metropolis in India and the biggest in the 

state of Gujarat according to census 2011. It comprises the geographical boundaries between latitudes 

22°55′ N to 23°5′ N and longitudes 72°00′ E to 72°50′ E. The average elevation of 53 m above sea level 

with flat terrain. Fig.2 shows the location map of the study area.  

The city receives the rainfall from June to September due to southwest monsoon. The Ahmedabad has 

a tropical monsoon climate, which is hot and dry, except in the rainy season. The summers are very hot 

with a mean maximum temperature of 41.3°C while a mean minimum temperature of 26.3°C during 

nights. 

The rainfall data of the Ahmedabad city has been collected from India Meteorological Department 

(IMD) Pune; the data recorded in self-recording rain gauge (SRRG) in an hourly format for Ahmedabad 

city from 1973 to 2018. A total of 46 years of rainfall data is analyzed for annual maximum rainfall for 

the 24-hour duration for the fixed interval maxima and true interval maxima. 
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Figure1 Location map of the study area 

3. Methodology

The SRRG data has been examined for missing values in the given record obtained from IMD for 

Ahmedabad city rain gauge station from 1973 to 2018. The missing values analysis is performed as 

suggested by Papalexiou et al., (2016). Testing for outliers is carried out on the data to check whether 

any data points depart significantly from the trend of the remaining data. In the AMS, the maximum 

value from each calendar year is considered while deriving Fixed Window and Sliding Window 

maximum accumulation (FW and SW) respectively. Rainfall CF has been computed using AMS (FW 

and SW) rainfall data series. 

Innovative-Sen trend method is carried out on the AMS series to check the trend of extremes over the 

study area, Sen (2012). Model-checking using probability plot, quantile plot, and return level plot is 

represented to check the reliability of the distribution fitted. The goodness of fit test is performed on 

the fitted distribution. The extremes are evaluated for the various return periods and compared with the 

extremes computed using the CF reported in the literature.  

3.1 Generalised Extreme Value (GEV) Distribution 

The governing equation for GEV adopted in the present study is given in Eq. 1 with the three 

parameters: a location parameter (μ), a scale parameter (σ), and a shape parameter (𝑘), Coles (2001). 

The GEV comprises the distributions of various families like Gumbel’s, Frechet’s, and Weibull 

incorporates Type I (𝑘 =0), Type II (𝑘 > 0), and Type III (𝑘 < 0) respectively, Coles (2001). 

𝐺(𝑧) = exp {− [1 + 𝑘 (
𝑧−𝜇

𝜎
)]

−1/𝑘
}    Eq. 1 

Method of the maximum likelihood function is adopted to perform GEV, as per this method, the best 

value of the parameter of a probability distribution be that value which maximizes the likelihood of 

joint probability of occurrence of the observed sample. Martins and Stedinger (2000) suggested the 

method of maximum likelihood is the most acceptable method of fitting probability distributions to data 

in the sense that it gives the correct parameter estimators. 

4. Result and Analysis

4.1 Outlier Testing 

Testing for outliers is performed on the data and tabulated in Table 2. The maximum values from the 

data series of the AMS (FW) are 331.6 mm, for AMS (SW) is 363.2 mm. Whereas the Minimum values 
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AMS (FW), AMS (SW), are 48.9 mm, 55.8 mm, respectively. Results show no extremes were falling 

under the outlier category, Chow et al., (1988). 

Table 2 Testing of outliers in the AMS and PDS data 

Outliers AMS (FW) AMS (SW) 

High outlier (mm) 413 491 

Low outlier (mm) 33 35 

4.2 Innovative-Sen Trend method  

The maximum 24-hour rainfall series is subdivided into two parts concerning time and arranged in 

ascending order. Taking the first half portion as ordinate and the second half portion as abscissa, a 

scatter plot of AMS (FW) and (SW) were plotted. Dabanli et al., (2016) highlighted the trend evaluation 

by the Innovative-Sen method for various hydrological variables and given the inferences of trend types. 

It can be concluded that Figure 2 indicates the non-monotonic increase in the extremes over the study 

area.  

Figure 2 Trend analysis of AMS (FW) and AMS (SW) 

4.3 Statistical parameters and frequency histogram analysis  

The descriptive statistics are evaluated for daily maximum rainfall for AMS (FW and SW) and 

corresponding computed CF tabulated in Table 3. Variation in the statistical parameters can be seen in 

FW and SW data. The spread of the SW data is 15.5% more than FW data. 

Table 3 Descriptive statistics for AMS 

Statistical parameters 

Annual Maxima Series (AMS) data 

Extreme rainfall FW 

(mm) 

Extreme rainfall SW 

(mm) 

CF 

Mean 130.24 148.17 1.134 

Median 103.6 121.2 1.123 

Standard Deviation 66.71 77.02 0.109 

Maximum 331.6 363.2 1.349 

Minimum 48.9 55.8 1 

Coefficient of 

variation 

0.512 0.520 0.0961 
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The extreme rainfall frequency histograms are prepared for AMS (FW) and AMS (SW) data series, and 

the effect of discretization on the rainfall events is analyzed. It can be seen in Figure 3, the histogram 

for AMS (FW) and AMS (SW) rainfall depth frequency of 50-100 mm in FW is higher than in SW. 

The extremes recorded in between intervals 100-150 mm are less in FW as compared to SW. The 

frequency of the events occurred between interval 250-300 mm and 350-400 mm were missed in FW. 

From the histogram, it is clear that few events get missed due to the fixed recording of the rainfall.  

Figure 3 Histogram of AMS (FW) and AMS (SW) 

Summary statistics of CF developed using the AMS approach is mentioned in Table 4. The CF for the 

Indian subcontinent as 1.167 is developed by Deshpande (2010), IS 5542-2003 suggests CF as 1.15 for 

Indian region, CF as 1.134 computed in the present analysis are compared with SW extreme rainfall 

evaluated from the observed data. The CF given by IS 5542:2003 and Deshpande (2010) overestimates 

the true accumulation of rainfall for the Ahmedabad city. The Standard Deviation indicates the spread 

of the data and the SW maxima is 15.5% higher than FW maxima. The maximum value is comparatively 

higher in all other cases except SW maxima. Whereas using the AMS approach we need to increase the 

fixed interval maxima by around 13% to obtain true interval maxima. 

Table 4 Summary statistics: CF multiplied with AMS (FW) maxima 

Statistical 

parameters 

AMS (FW) extreme annual rainfall (mm) AMS (SW) 

Extreme rainfall 

(mm) 
CF 

1.00 

CF 

1.167 

(Deshpande 

2010) 

CF 

1.15 

IS 5542-2003 

CF 

1.134 

(Obtained in 

the present 

study) 

Mean 130.24 152 149.78 147.69 148.17 

Median 103.6 120.90 119.14 117.48 121.2 

Standard 

Deviation (S.D) 

66.71 77.85 76.72 75.65 77.02 

Maximum 331.6 386.98 381.34 376.03 363.2 

Minimum 48.9 57.06 56.24 55.45 55.8 

Coefficient of 

variation (C.V) 

0.512 0.598 0.589 0.581 0.520 
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4.4 Model Diagnostics for Fitted Distribution of AMS 

The goodness of fit test (GoF) is carried out for the distributions fitted; the Anderson-Darling (A-D) 

test is adopted for AMS. The critical value of the AD test at the 0.05 significance level is represented 

in Table 5 for GEV Type II distribution (Abidin and Adam 2014). Test statistics AMS (FW) 0.239, 

AMS (SW) 0.441 and are below the critical value and hence the distribution is acceptable.  

Table 5 Critical values for A-D test statistics for GEV distribution (Type II) at 0.05 significance level 

Number of samples 𝑘 =0.2 𝑘 =0.3 

20 0.382 0.388 

40 0.474 0.462 

50 0.472 0.486 

The model checking of the fitted extreme value distribution has been evaluated with probability plot, 

quantile plot and return level plot for FW and SW maxima for AMS. Quantile plots compare Model 

quantile with Empirical quantile and if the points are sufficiently close to linearity lend support to the 

fitted model. AMS (FW) data represented in Figure 4 shows good agreement with the fitted model 

except for the extreme events beyond 300mm. whereas, AMS (SW) model is showing a good fit for 

probability plot as well as a quantile plot which can be confirmed from Figure 5.  

Figure 4 Probability plot and Quantile plot of AMS (FW) 

Figure 5 Probability plot and Quantile plot of AMS (SW) 

Return level plots for AMS (FW) and (SW) are plotted in Figure 6. The shape of the return level plot 

represents the shape parameter (𝑘) of the fitted distribution. For 𝑘 > 0 and 𝑘 < 0, the return level plots 

will show concave and convex behaviour respectively.  
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Figure 6 Return level plot AMS (FW) and (SW) 

4.5 Extreme rainfall depths for various Return periods 

For various return periods, the extremes are evaluated using the parameters of the fitted GEV 

distribution and the results are tabulated in Table 6 which represents the extreme daily rainfall depth 

for AMS for the return period of 2, 5, 10, 25, 50, and 100 years. The extreme values are evaluated and 

compared with the CF developed in the literature and the present study. Extreme rainfall depths using 

the CF 1.134 are closely relevant with SW extreme rainfall for 2-year, 5-year, and 10-year return 

periods. For the 25-year, 50-year, and 100-year return period the extremes are higher than IS 5542-2003 

recommendation. 

Table 6 Extreme daily rainfall depth for various return periods (AMS) 

Return Period 

Year 

AMS (FW) extreme annual rainfall (mm) AMS (SW) 

Extreme 

 rainfall (mm) 
CF 

1.00 

CF 

1.167 

(Deshpande 

2010) 

CF 

1.15 

IS 5542-2003 

CF 

1.134 

(Present 

study) 

2 110.93 129.46 127.57 125.79 124.06 

5 167.17 195.09 192.25 189.57 189.80 

10 214.94 250.83 247.18 243.74 246.70 

25 290.72 339.27 334.33 329.68 338.60 

50 360.71 420.95 414.82 409.05 424.89 

100 444.45 518.67 511.12 504.01 529.65 

5. Conclusions

The GEV distribution is performed on the extremes evaluated using AMS (FW and SW) for Ahmedabad 

city. The comparative analysis is carried out on the CF reported in the literature for India and computed 

CF in the present study.  

• The increasing trend is evaluated using the Innovative Sen trend method over the study area.

• The CF to convert 24-hour FW maxima to SW maxima is computed as 1.134, whereas the

CHCF as per IS 5542:2003 for India is 1.15.

• The CHCF 1.15 can be considered conservative for the present study area as the 25, 50 and,

100-year return level extremes are higher than CF computed in the present study.
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• AMS (SW) return levels for 50 and 100-year are higher than CHCF 1.15 and 1.167, the possible

reason may be discrete-time interval observation of the rainfall depth.

• The GoF test and model diagnostic plots revealed the fitted GEV distribution for AMS (FW)

and AMS (SW) is acceptable.
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Abstract 

One of the major challenges faced by hydrologist is inadequacy of hydrological data such as rainfall 
to properly design, operate and plan water resources projects against extreme rainfall event. Such data 
would be needed for the development of Rainfall Intensity-Duration-Frequency (IDF) curves for 
design of drainage system or any water resources project in urban systems. For the appropriate design 
and planning of urban drainage system in an area, Intensity Duration Frequency (IDF) curves for 
given rainfall conditions are required. Hence, development of rainfall Intensity-Duration-Frequency 
(IDF) relationship is a primary basic input for the design of the storm water drainage system for the 
populated cities of Ganjam district of Odisha state. The rainfall depths derived from the intensity 
duration frequency relationship is being used by water resource managers for planning, designing and 
operation of water resource related projects. To ascertain the hydro logic risks, assessment of extreme 
precipitation and establishment of IDF curves are important. Daily rainfall data were collected from 
the Irrigation Department of Ganjam district for seven major towns e.g. Chhatrapur, Ganjam, 
Purushottampur, Kavisuryanagar, Kodala, Khalikot and Sorada, for a period spanning over 24 years 
(1995-2018). The IDF curves were generated using the Gumbel's Extreme Value Type-I distribution. 
The rainfall intensity values were calculated for duration of 0.25hr, 0.5hr, 1hr, 2hr and 24hr with 
periods of 2, 5, 10, 20, 50, 100 and 200 years. The Rainfall Intensity-Duration-Frequency (IDF) 
curves were developed for the seven important towns of Ganjam district which can be used for the 
design of drainage structures and other water resources structures. 

Keywords:Rainfall; IDF, Ganjam, Intensity, Return period 

1. INTRODUCTION

Most of the developed cities in the world are facing crisis of sudden variation in climate
change, rainfall pattern and hydrological cycle. They are affected by sudden natural hazards like 
flood and draught due to the lack of knowledge of predicting the hydrological data. A major reason 
for the flood /draught is due to increased/ decreased rainfall amount and increased/decreased intensity 
of shorter duration resulting in flash floods or draughts. [ll Rainfall is important phase of the 
hydrological cycle. Water from rainfall joins land surfaces and goes through surface runoff and 
infiltration in ground water. So, water resources design by engineers must have knowledge on the 
extreme precipitation that falls within a given area and time interval. [ZJ However, information on 
rainfall is mandatory for understanding extreme weather, designing hydraulic structures, managing 
weather-related risks and insurance and issuing warnings. Increase or decrease intensity of rainfall 
events as a result of climate change are a major threat to infrastructure systems, the transportations 
systems, watersheds and agriculture of a developing country. [3l Higher rainfall intensities lead to 
more severe floods, with expected increases in damages related to residential, street and flash; 
whereas low rainfall creates shortage of ground water and surface water affecting vegetation and 
drinking water to a city or town. [4l 

Rain is characterized by frequency and magnitude called as precipitation. The magnitude of 
rainfall is the total precipitation that occurs in millimeters (mm), while the frequency is associated 
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with the storm duration in unit return period. Hence, rain fall precipitation intensity is directly 
proportional to the return period and inversely proportional to the storm duration. The relationship 
between the mean precipitation intensity and the frequency of occurrence (inverse of the return 
period) could be expressed in intensity-duration-frequency curves (IDF). [5l

The first IDF curve was established by Bernad in 1932 and subsequently used for multi
purpose projects. The IDF curve normally relates the rainfall intensity with 
its duration and frequency of occurrence. These curves have been successfully used 
in hydrology for flood forecasting, water resources engineering, management, civil engineering, 
classifying climatic regimes, deriving design storms, assisting in designing urban drainage systems 
and assessing rainfall events. [6lThe IDF curves can take different mathematical expressions such as 
theoretical or empirically fitted to observed rainfall data. The empirical approaches that relate the 
intensity (I), the duration (t) and the return period (p), in general from fits to power laws such as: 
Sherman's formula, Show's formula, and Power law. [7lLater on, the IDF curves were extensively used
worldwide (in different country and important cities) in hydrological calculations to acquire the 
design precipitation depth, precipitation intensity, and return periods for a particular area. [SJ Hence, it 
is very imperative to make and preserve an IDF curve for a particular area for future hydrological 
prediction. Despite the aforementioned methodological advancements in IDF formulation, 
construction of IDF curves for most countries around the world remains a major challenge due to 
inadequate accessibility of long rainfall records with adequate spatial distribution to reflect temporal 
variation and spatial heterogeneity of precipitation. The precision ofIDF curves is dependent on both 
input data quality and statistical inference methods. For the appropriate design and planning of urban 
drainage systems in developing countries like India, IDF curves will definitely play an important 
role.[9lThe major confront faced by hydrologist is insufficiency of hydrological data such as rainfall or 
precipitation for proper designing, operating and planning water resources projects against extreme 
rainfall and draught.[IOJ 

India is a developing country which mainly dependents on agriculture for its overall growth. 
Hence, development of IDF curves for Indian cities are very important for smooth life to combat 
flood and draught. Hence, different scientists in different regions has developed IDF curves with a 
return period of 30-200 years. For example, IDF curve is developed for flood control of Mumbai 
city, [llJ identification of the vulnerable hotspots and flood mitigation measures are to reduce the flood 
risk at Velachery of Chennai using DGPS survey method,l12l IDF curve for Hyderabad city finding 
runoff and groundwater recharge attributable to changes in rainfall characteristics. [ 13l Rainfall IDF 
curves for the Barak River Basin in Assam using best-fit amongst the Gumbel, Log Pearson Type III 
and Lognormal probability distribution functions and acrGIS,l14l Spatio-temporal analysis and 
derivation of copula-based IDF curves for droughts in western Rajasthan,l'5l IDF curve for
Brahmaputra River Basin of Assam state,l16l and IDF curves for Narsapur mandal, Telangana state, 
IndiaY7l

Odisha is mostly affected by super cyclone, heavy floods and draught in comparison to other 
states of India due to severe change of climatic condition. The District Ganjam is highly affected by 
super cyclone and water crisis problem almost every year. Hence, it is equally important to develop 
the IDF curves for different cities of Odisha specially Ganjam for proper management and prediction 
of hydrological cycle including rainfall, precipitation, depth, precipitation intensity, and return periods 
for a particular area for proper designing, operating and planning of water resources projects against 
extreme rainfall and draught. 

In this context, the IDF rainfall curves are developed for the seven major towns such as 
Chhatrapur, Ganjam, Kavisuryanagar, Kodala, Khalikot, Purushottampur and Sorada of Ganjam 
district in South Odisha. Ganjam district is one of the populated districts having unpredictable 
hydrological cycle affecting more than 5 lakh people and is known as financial capital of south 
Odisha. [ISJ Further it is felt that there is a necessity and need to develop the IDF relationship, 
especially depending on today's changing hydrological conditions. IDF rainfall curves using longer 
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length (year 1995-2018) of observed rainfall data. Initially the Gumbel's Extreme Value distribution 
was fitted to each selected duration data series to obtain the design rainfall depth for 0.25hr, 0.5hr, 
0.75hr, 1hr, 2hr, and 4hr return period. The main reason of Gumbel distribution was chosen over the 
other distribution (Log Pearson Type III and Gama Distribution) was that Gumbel distribution has a 
fixed value of skew. 

2.Study area:

Ganjam district of Odisha is highly affected by natural disasters such as cyclone as well as draught. 
The result ofIDF curve has predicted future return periods of heavy rainfall accordingly hydrological 
planning and designing of hydrological structures (such as detention dam, rainwater harvesting 
system) which could serve as for long term benefit of the cities specially for dry period. In Gan jam 
district the Intensity- Duration Frequency curves are not readily available for many towns. This work 
attempts to address these short-comings and develop IDF for seven major towns in the region. 
Ganjam district is geographically located between latitude 19.5860° N and longitude 84.6897° E 
(Fi2ure 1). The district headquarters is Chhatrapur. Ganjam is divided into three sub
divisions Chhatrapur, Berhampur, and Bhanjanagar. (Table t)Y8l The Ganjam being the heart and 
centre of seven under developed and populated districts such as Kalahandi, Nabarangpur, Malkangir, 
Korapaut, Raygada, Gajapati and Ganjam Population has increased by 11.66% steadily from 
3,529,031 in 2011. [l

9l Due to the migration of people from adjacent seven under-developed districts
in search of employment and trade, the population of the city is growing very fast. The city is 
surrounded by sea, hills, stream, and lakes , therefore has limitations on horizontal growth to provide 
required infrastructural facilities due to scarcity of land. Hence, IDF curve becoming more important 
requirement for benefit of South part of Odisha. Ganjam is located at the coastal region of Bay of 
Bengal and the catchment or Rushikulya basin. The climate of Ganjam is characterized by an 
equable temperature round the year, particularly in the coastal regions. The District's cold season from 
December to February is followed by hot season from March to May. The District experiences normal 
annual rainfall of 1444 mms. [ZOJ 

Table 1: The geographical location (longitude and latitude} of selected towns 

SI.no Station Latitude(N) Longitude(E) Elevation(m) 

1 Chhatrapur 19.3597 84.9887 17 

2 Ganjam 19.3874 85.0515 3 

3 Kavisuryanagar 19.582 84.7577 50 

4 Purushottampur 19.5234 84.8855 19 

5 Kodala 19.6264 84.9369 16 

6 Khalikot 19.6073 85.0766 53 

7 Sorada 19.7577 84.4343 84 
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Figure 1: Location map of study area; Gan jam District of Odis ha 

The existing hydrological structure of Ganjam district has a network of roadside surface drains, an 
underground drainage system. Major and minor nallah discharging storm water, either into river 
Rushikulya or directly into the creek and finally to the Bay of Bengal. Being a coastal district, there 
are limitations on depth of the storm water drainage system due to the tidal effect and water levels at 
discharge point while designing the drainage system. Existing storm water drainage system of 
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Ganjam district is not well planned and should be designed with respect to the annual rain fall as well 
as the unexpected cyclones. Only a small embankment of Rushikulya River from Chanduli to 
Purushottampur has been attempted. 

The coastal district of Ganjam has experienced the brunt of 'Phailin', is estimated to have suffered a 
loss of at least Rs 3,000 crore due to the cyclone fury, which has deprived lakhs of people of their 
livelihood and damaged 2.4 lakh houses with record of extreme rainfall. [21 lStorm surge was 
responsible for a majority of the fatalities linked to the 1999 Odisha cyclone, accounting for around 
7,000 deaths. [22lThus, considering the importance of the different towns of Ganjam and vulnerability 
to cyclone and draught, scarcity of drinking water, for proper designing of the drainage system, 
knowledge of proper rainfall intensity for different return periods is necessary. Hence, it is realized 
that there is a necessity and need to update the IDF relationship, especially depending on today's 
changing hydrological conditions. 

3. Methodology

3.1 Data collection and analysis of data. 

Daily rainfall data were collected from the official site of Government of Odisha. Out of 22 rain gauge 
stations in Ganjam; rainfall data for seven stations Chhatrapur, Ganjam, Purushottampur, 
Kabisuryanagar, Kodala, Khalikot and Sorada, were collected for period of 24 years from 1995 to 
2018 (Table 2) and used for deriving the IDF curve using Gumbel's methodY3lThe data required for 
the computation of intensities are rainfall depths for short durations say 0.25hrs, 0.5hrs, 1hr, 2hrs and 
4hrs. Since the data for shorter duration is not available in all station IMD Empirical Reduction 
Formula [24l was used to calculate the rainfall intensity for shorter duration. The daily data collected 
was analyzed and the maximum rainfall for each year from year 1995 to 2018 was extracted from the 
data set. Then these maximum series data was used for statistical analysis. The summary of the 
statistics for maximum rainfall are given below (Table 2). 

Table 2: Summary of the statistic annual maximum rainfall (1995-2018) 

3.2. Development ofIDF curves: 
To prepare the IDF curve of different cities of Ganjam district the following steps are considered 

Stations Mean Rainfall 

(mm) 

Max. 

Rainfall(mm) 

Min Rainfall 

(mm) 

Stand. 

Dev.(mm) 

Skew 

Coeff. 

Coeff.of 

Variation(Cv) 

Chhatrapur 119.80 228 59 46.93 1.15 0.39 

Ganjam 114.86 280 48 53.52 1.81 0.47 

Purusottampur 118.38 280 66 46.46 2.12 0.39 

Kabisuryanagar 115.10 250 69 40.80 1.80 0.35 

Kodala 109.95 210 43 47.33 0.71 0.43 

Khalikot 130.42 265 61 56.75 1.03 0.44 

Sorada 109.09 261 36 53.11 1.22 0.49 

258



A. Preparation of annual maximum data series

The rainfall intensity values were calculated for duration of 0.25hr, 0.5hr, 1hr, 2hr and 24hr with 
periods of 2, 5, 10, 20, 50, 100 and 200 years. The rainfall Intensity for shorter duration was 
calculated by the using formulae below. [25]] Then rainfall intensity (i in mm/hr)) is calculated by 
equation (2) as 

P1
= [P24(t/24i 113l] 

P1 
= Rainfall in mm in t duration; P24 

= Daily rainfall value in mm, 
t = Time duration in hrs. 
i= rain fall intensity 

i= P/1ii 
P= Rainfall depth, 
41 = Duration of rainfall. 

B.Determination of best fit probability distribution functions for the data series:

(1) 

(2) 

A number of probability distribution functions such as Type III Extreme value, Log-Pearson Type III, 
Gamma distribution, log-normal, Normal, Type-I extreme value (Gumbel) that can be used to 
describe extreme value data such as annual maxima. In this study, the Gumbel's Extreme Value 
distribution was fitted to each selected duration data series to obtain the design rainfall depth for 
0.25hr, 0.5hr, 0.75hr, 1hr, 2hr, and 4hr return period .The primary objective to choose Gumbel's 
distribution over other method because it has found a fixed value of skew. 

C:Determination of design rainfall intensity for different returned period. 

The frequency factor used for the data and the rainfall depth for a given return period was calculated 
as; 

(3) 

Where, Xr 
= design rainfall intensity;Xm

=Annual average of maximum rainfall; a = Standard 
deviation, and Kr=frequency factor for return period (T) .The Kr is the Gumbel's frequency factor. 
The Kr for large data series can be calculated as 

Kr = ✓6hc [ 0.5772 + ln {ln(T/T -1)}](4) 

Then the IDF curves were then developed by plotting the design rainfall intensity values Xr against 
corresponding durations for the different return period (2years, 5 years, 10 years, 50 years, 100 years 
and 200 years). 

4. Results and discussions
The results of the design rainfall intensities for different return period were computed and 

shown in Table 3-4. 
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Table 3: The intensities (mm/hr) and durations for different return periods for four towns in Ganjam 
district 

Stations Duration Returns Period (T) 

(Hours) 2  Year 5 Year 10 Year 20 Year 50 Year 100 Year 200 Year 
Chhatrapur 0.25 97.94 134.13 158.16 181.15 210.92 233.26 255.48 

0.5 61.70 84.50 99.63 114.12 132.87 146.94 160.94 

0.75 47.08 64.48 76.03 87.09 101.40 112.14 122.82 

1 38.87 53.23 62.76 71.89 83.70 92.57 101.39 

1.5 29.66 40.62 47.90 54.86 63.88 70.64 77.37 

2 24.48 33.53 39.54 45.29 52.73 58.31 63.87 

4 15.42 21.12 24.91 28.53 33.22 36.74 40.23 

24 4.67 6.40 7.54 8.64 10.06 11.13 12.19 

Ganjam 0.25 92.66 133.94 161.34 187.57 221.51 246.99 272.33 

0.5 58.37 84.38 101.64 118.16 139.54 155.59 171.56 

0.75 44.55 64.39 77.56 90.17 106.49 118.74 130.92 

1 36.77 53.16 64.03 74.44 87.91 98.02 108.07 

1.5 28.06 40.57 48.86 56.81 67.08 74.80 82.48 

2 23.17 33.49 40.34 46.89 55.38 61.75 68.08 

4 14.59 21.09 25.41 29.54 34.89 38.90 42.89 

24 4.42 6.39 7.70 8.95 10.57 11.78 12.99 

Purushottam
pur 

0.25 96.76 132.60 156.38 179.15 208.62 230.74 252.74 

0.5 60.96 83.53 98.52 112.86 131.42 145.36 159.22 

0.75 46.52 63.75 75.18 86.13 100.29 110.93 121.51 

1 38.40 52.62 62.06 71.10 82.79 91.57 100.30 

1.5 29.30 40.16 47.36 54.26 63.18 69.88 76.54 

2 24.19 33.15 39.10 44.79 52.16 57.69 63.19 
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4 15.24 20.88 24.63 28.22 32.86 36.34 39.80 

24 4.62 6.32 7.46 8.55 9.95 11.01 12.05 

Kabisuryana
gar 

0.25 94.71 126.18 147.07 167.07 192.95 212.38 231.70 

0.5 59.66 79.49 92.65 105.25 121.55 133.79 145.96 

0.75 45.53 60.66 70.70 80.32 92.76 102.10 111.39 

1 37.58 50.08 58.37 66.30 76.57 84.28 91.95 

1.5 28.68 38.21 44.54 50.60 58.44 64.32 70.17 

2 23.68 31.55 36.77 41.77 48.24 53.09 57.92 

4 14.92 19.87 23.16 26.31 30.39 33.45 36.49 

24 4.52 6.02 7.01 7.97 9.20 10.13 11.05 

Table  4: The intensities (mm/hr) and durations for different return periods for four (3) towns in 
Ganjam district 

Station Duration Returns Period (T in year) 

(Hours) 2  Year 5 Year 10 Year 20 Year 50 Year 100 Year 2 00 Year 
Kodala 0.25 89.27 125.78 150.01 173.20 203.22 225.76 248.17 

0.5 56.24 79.24 94.50 109.11 128.02 142.22 156.34 

0.75 42.92 60.47 72.12 83.27 97.70 108.53 119.31 

1 35.43 49.92 59.53 68.74 80.65 89.59 98.49 

1.5 27.04 38.09 45.43 52.46 61.55 68.37 75.16 

2 22.32 31.44 37.50 43.30 50.81 56.44 62.04 

4 14.06 19.81 23.62 27.28 32.01 35.55 39.08 

24 4.26 6.00 7.15 8.26 9.69 10.77 11.84 

Khalikot 0.25 105.80 149.58 178.63 206.44 242.44 269.46 296.33 

0.5 66.65 94.23 112.53 130.05 152.72 169.75 186.67 

0.75 50.86 71.91 85.88 99.25 116.55 129.54 142.46 

1 41.99 59.36 70.89 81.93 96.21 106.93 117.60 
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1.5 32.04 45.30 54.10 62.52 73.42 81.61 89.74 

2 26.45 37.39 44.66 51.61 60.61 67.36 74.08 

4 16.66 23.56 28.13 32.51 38.18 42.44 46.67 

24 5.05 7.13 8.52 9.85 11.56 12.85 14.13 

Sorada 0.25 84.82 128.50 157.49 185.24 221.16 248.12 274.93 

0.5 53.43 80.95 99.21 116.70 139.32 156.30 173.19 

0.75 40.78 61.78 75.71 89.06 106.32 119.28 132.17 

1 33.66 51.00 62.50 73.51 87.77 98.46 109.11 

1.5 25.69 38.92 47.70 56.10 66.98 75.14 83.26 

2 21.21 32.13 39.37 46.31 55.29 62.03 68.73 

4 13.36 20.24 24.80 29.17 34.83 39.08 43.30 

24 4.18 6.14 7.43 8.67 10.28 11.49 12.69 

The IDF curves were obtained by plotting the rainfall intensity against the corresponding durations for 
different return periods. The IDF curves generated for the selected towns are shown in Fig. 3-10. 

Fig. 3   IDF curve for Chhatrapur 
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Fig. 4 .IDF curve for Ganjam 

Fig. 4 IDF curve for Purushottampur 
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Fig. 5 IDF curve for Kabisuryanagar 

Fig. 6 IDF curve for Kodala 
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Conclusion. 

In conclusion, rainfall Intensity-Duration-Frequency (IDF) curve is a primary basic input for 
the design of the storm water drainage system for the highly populated cities of India. Availability of 
IDF curves will help to predict the exact designing and planning's of small cities for future prediction 
of rainfall, flood, draught and cyclones. Though most of the cities has developed IDF curves for 
predicting return periods in India, but it is surprising that no one has developed a IDF curve for any 
city of Odisha state; whereas Odisha is suffering a lot due to super cyclone, heavy floods and draught 
in comparison to other states of India due to drastic change of climatic condition, In this context; we 
realized that IDF curve is a necessity for populated state like Odisha, where most of the agricultural 
development is dependent on hydrological cycles. We have developed first time the IDF curve for 

Fig. 7 IDF curve for Khalikot 

Fig. 8 IDF curve for Sorada 
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seven major towns of Chhatrapur, Ganjam, Purushottampur, Kavisuryanagar, Kodala, Khalikot and 
Sorada, for a period spanning over 24 years (1995-2018) using Gumbel extreme value distribution. 

As Ganjam being the economic and financial centre of South Odisha (Malkangir, Jeypur, 
Koraput, Nabrangpur, Gajapati, Kalahandi) migration of people to this centre increases the population 
of the different towns. The development of IDF curve of these important towns will help for design 
of the storm water drainage system, resource managers for planning, designing and operation of water 
resource related projects; ascertain the hydrologic risks, assessment of extreme precipitation. 

It is observed that precipitation is higher during months of July, August, September and 
October; whereas remaining period is very less even some times remain dry. Similarly, there is 
possibility of highest precipitation during October causing severe cyclones such as Phalin, Titil, Super 
Cyclone. Hence, the civil infrastructure needs to be taken care specially, so that durability of building, 
drainage system should have longer duration. Similarly another angle reveals that increase of 
population density also needs more water for daily use as well as agriculture. We are working more 
for the application of IDF curves for these towns of Gan jam District and will report in due course. 
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Abstract 

Understanding the changing pattern of climatological extremes is important for management of natural hazards 

resulting from them. Analyzing the temporal variability of trends and the changes exhibited by extreme 

temperature indices are of immense importance as they are the prime indicators of global warming. This study 

performs the spatiotemporal variation in the trend and change point year of four prominent annual extreme 

temperature indices (ETI) across India. The ETIs at annual scale namely Cold Spell Duration Index (CSDI), 

Warm Spell Duration Index (WSDI), Number of summer days (SU), Number of tropical Nights (TR) are 

determined based on daily maximum and minimum temperature datasets of 1ox1o spatial resolution of 1951-

2015 period. The trend analysis using Mann-Kendall (MK) test revealed that WSDI series of 55 % of the grid 

points shows significantly increasing trend whereas the time series of CSDI, SU and TR shows significantly 

increasing trend only in 6.2 %, 23 % and 9.8 % of the total grid points. Further, the temporal variability of trend 

of different indices are estimated by partitioning the different time series with respect to the Pacific global 

climate shift of 1976/77. The analysis revealed an increase in the trend in the WSDI and TR series of post 

climate shift period.  A decrease in the trend is noticed in the CSDI series, while the difference in trend pattern 

was relatively less in the SU series.  Further, the four ETIs in each grid points were subjected to Pettitt test for 

the single change point detection. The change point analysis showed that maximum number of grids displayed a 

change in the decade of 1981-1990 in SU and WSDI series. The CSDI and TR series indicated a change during 

the decades of 1961-70 and 1991-2000. In general, the different ETIs of India exhibit diverse pattern in the 

properties of trend and change point in the time series. 

Keywords: Mann Kendall test; Temperature; Trend; Change Point; spatial variability; temporal variability. 

1. Introduction

Global warming and resulting climate change are thrust areas of research for the meteorologists and 

hydrologists for the past fifty years, as significant increasing trend is noticed in temperature since 

1970s at the global scale (Trenbreth and Fasullo 2013). Many studies reported that there is an increase 

in the frequency of occurrence of extreme climatic events due to the climate change, in India (Roxy et 

al., 2017). The occurrences of hydroclimatic extremes such as heavy rainfall, floods and droughts are 

posing serious impacts in Indian economy (Dash and Maity 2020). Apart from such direct signatures, 

the climatic extremes are also quantified by many other extremes, as they have significant 

implications on local hydrology. The joint venture of CCl/CLIVAR/JCOMM Expert Team (ET) on 

Climate Change Detection and Indices (ETCCDI) has a mandate to address the characterization of 

climate variability and change. The group works in an international coordination contributed 

significantly for climate change detection (Folland et al., 1999; Jones et al., 1999).  The climatic 

indices defined and devised by the Climate Variability and Predictability (CLIVAR) project of 

UNWMO’s World Climate Research Programme jointly with the ETCCDI is the most credible 

datasets which can be used for the studies on hydroclimatic extremes. According to ETCCDI a total of 

27 indices were considered to be core indices, which are based on daily temperature or daily 

precipitation values. It was reported that the global warning and resulting climate change have led to 

significant changes in extreme precipitation indices even though the changes were more spatially 

heterogeneous than temperature extremes (Donat et al., 2013). Numerous studies addressed the 

analysis of prominent extreme indices of different meteorological variables of different parts of the 

globe (Roy and Balling 2004; Aguilar et al., 2005; Tong et al., 2019 and references therein).Many of 

these studies have been carried out at the global scale, country-specific and cross-country domains to 

formulate sustainable development and adaptable strategies. Consequently, increases in the number of 

extreme events have been identified in both regional and global scales.  
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Several studies have detected significant rising trend in maximum and minimum temperature in 

different parts of India, particularly from 1970 onwards (Kothawale and Rupakumar, 2005; 

Kothawale et al., 2010; Sonali and Kumar 2013). However, from the literature it is evident that the 

studies on precipitation are abundant, whereas the studies on extreme temperature indices at the whole 

India is relatively scarce. Sharma et al. (2018) investigated the trends in some of the ETCCDI indices 

(1-day, 5-day precipitation totals, hottest and coldest days) in upper Tapi river basin in India and 

noted increasing trends. Roy (2019) analyzed the spatial variability of daily temperature indices 

computed from station level daily maximum and minimum temperature data of 1980–2010 spread 

across India. The results of the analysis revealed substantial variations in the spatial patterns of the 

trends. The majority of the study area experienced declining trends in diurnal temperature range 

during all seasons and substantial variations were observed for the different extreme temperature 

indices. Kumar et al. (2020) analyzed the spatiotemporal variation in eight climate indices suggested 

by the ETCCDI. They used IMD data of 1971–2017 and 1971– 2013 respectively for precipitation 

and temperature along with global gridded reanalysis products.  The number of warm days per year 

increased significantly at 14% of the locations, while the number of cold days, warm nights and cold 

nights per year displayed significant decrease at many locations (42%, 34% and 39%). They further 

examined the trend for future extreme temperature indices based on bias corrected CanESM2 

projected data under RCP8.5. The results showed significant increasing (decreasing) trend in warm 

days (cold days) in most (49% to 84%) of the locations. From the review of literature it is noted that 

such studies differs in (i) data type (like station or gridded) and resolution (fine or coarse or point); (ii) 

their source; (iii) methods followed; (iv) spatial domain considered etc. This brings an inevitable 

heterogeneity in the outcome of the results. There is a scarcity of the studies on temperature indices in 

Indian context; none of them examined the pre and post-scenario of extremes with respect to the 

global climatic shift of 1976/77 and the change point years in extreme indices and this study aim to 

circumvent such limitations. 

2. Study area and database

2.1 Data 

The 1º x 1º resolution rainfall and temperature data at daily time scale of the period 1951 to 2015 

collected from India Meteorological Department (IMD) are used to determine all the 27 core indices 

using RClimDex package (https://www.climdex.org/). The 277 grid points were located all over 

Indian subcontinent, where the data of both variables are available in continuous. From the results, 

four annual ETIs are considered to analyze their spatio-temporal variability. The temperature indices 

include Number of summer days (SU), Number of tropical nights (TR), Warm spell duration index 

(WSDI) and Cold spell duration index (CSDI). The seven temperature homogeneous regions of India 

have been considered for analysis of temperature indices. The seven temperature homogeneous 

regions are: West Coast (WC), Interior Peninsula (IP), East Coast (EC), North East (NE), North 

Central (NC), Western Himalayas (WH) and North West (NW). The Figure 1 shows the different 

temperature homogeneous regions of India. 

269

https://www.climdex.org/


Figure 1 Temperature homogeneous regions of India 

2.2 Trend analysis 

Mann-Kendall (MK) test (Mann 1945; Kendall 1955) is the most popular nonparametric test 

used for estimating the Monotonic trends of hydro-climatic series. The Mann-Kendall Trend Test 

analyzes difference in signs between earlier and later data points. The idea is that if a trend is present, 

the sign values will tend to increase constantly or decrease constantly. Every value is compared to 

every value preceding it in the time series, which gives a total of n (n – 1) / 2 pairs of data, where “n” 

is the number of observations in the set.  Determine the test statistics (S), 

, (1) 

 in which n is the number of positive differences minus the number of negative differences. 

(2) 

where g is the number of tied groups and tp is the number of observations in the pth group. 

Then the MK test statistic, ZMK can be computed as S−VAR(S), 0 or S+VAR(S) respectively 

for positive, zero and negative values of S. The significance of trend is evaluated for a 

specific significance level (SL) and in this study an SL of 5 % is assumed. 

2.3 Change point analysis (Pettitt test) 

The Pettitt test is a non-parametric test that has been used in a number of hydro climatological studies 

to detect abrupt changes in the mean of the distribution of the variable of interest. This test is based on 

the Mann-Whitney two-sample test (rank based) and allows the detection of a single shift at an 

unknown time ‘t’. The null hypothesis is no change in the distribution of a sequence of random 

variables; the alternative hypothesis is that the distribution function F1(x) of the random variables 
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from X1 to Xt is different from the distribution function F2(x) of the random variables from Xt+1 to 

XT. The sgn(xi−xj) be an indicator function that takes on the values 1, 0, or -1 respectively, if 

if (xi-xj) is positive, zero or negative. Then the test statistics can be found out as 

(3) 

The statistic Ut, is assessed for all random variables and then the most significant change point is 

selected as max TtT UK ,max= ,A change point occurs at time t when KT is significantly different 

from zero at a given level. The approximate significant level is given by: 

(4) 

Once the p-value is less than the pre-assigned significance level α, we can reject the null hypothesis of 

no change and divide the data into two sub-series (before and after the location of the change point) 

with two different distribution functions. 

3. Results and discussion

3.1 Spatial variability of Mann Kendall value 

The MK values of all the four ETIs are estimated for all the 277 grid points and the spatial variability 

of trend is provided in Figure 2. Figure 3 shows the percentage of grids exhibiting different trend 

characteristics on considering the four annual ETIs across India.  

Figure 2 Spatial distribution of MK values of annual extreme temperature indices (a) CSDI; (b) SU; 

(c) TR; (d) WSDI.
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From Figure 2, it can be noted that a large share of grids (152 grids) display statistically significant increasing 

trend in WSDI data, while 17 grid points showed a reduction, but none are significant. TR displays an increasing 

trend in 189 grid points, out of which the trend is statistically significant in 64 grid points. A similar behavior is 

noticed in the datasets of CSDI. The SU displays increasing trend in 189 grid points, while only 27 of which 

displayed a significantly increasing trend. In the spatial distribution plots of temperature trend we can see that, 

in WSDI plot, the MK value showing significantly increasing trend is more in the interior and northern part 

(North Central (NC) and North West (NW)) when compared to coastal belts like East Coast (EC) or West Coast 

(WC). The decreasing trend in CSDI is clustered in the upper Himalayan regions falling in NW and NC regions. 

The plots of SU show that MK values displaying significantly increasing trend is clustered in the NW regions.   
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Figure 3 Percentage of grid points showing different trends of MK values of annual temperature 

indices (a) CSDI; (b) SU; (c) TR; (d) WSDI. 

From Figure 3 it is seen that, for all the four indices majority of the grid points showed increasing 

trend, even though the percentage of grids showing statistically significant trend is noted to be 

majority only for WSDI. For the case of all the four indices, only a small number of grid points 

displayed significant reduction.  

3.2 Temporal change in trends of temperature indices 

The temporal changes in the extreme climatic indices are of vital importance as it can give 

information on the changing characteristics of the time series. Such drastic changes in the properties 

may be the signatures of changing climate and in such a context it will be helpful in following 

appropriate design practices of hydraulic infrastructure. One possible reason for such changes could 

be urbanization, as the urbanization might be leading to more irregular profile influence on the local 

temperature characteristics (Karatasou and Santamouris 2018). It is further hypothesized that the 

change could also be linked with climate factors. Researchers identified a well debated Pacific 

climatic shift in 1976/77 period and the subsequent change in global temperature (Miller et al., 1994; 

Graham 1994; Ding et al. 2013; Sahana et al. 2015).In order to investigate the temporal changes 

accounting for the role of climatic shift, in the trend of different indices, the time series pertaining to 

different grid points are partitioned into two sub-series with respect to 1976/77. The MK values are 

determined for both sub-series of each grid and the results are interpreted based on spatial 

representation, non-parametric CDFs and transition in behavior of MK values for the pre and post 

time series. The spatial representation of MK values of the four temperature indices of different grids, 

for the pre and post 1976/77 shift are presented in Figure 4.  
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Figure 4 Spatial variability of trend of annual extreme temperature indices before and after the 

1976/77 climate shift. (a) CSDI; (b) SU; (c) TR; (d) WSDI. Upper panels show the trend of extreme 

indices before the shift and lower panel show the trend of extreme indices after the shift. 

While plotting change of Mann Kendall values for pre and post 1976, it was observed that some 

indices showed significant variation from the existing trend, while some made no significant change. 

It is clear that the regions which showed significant increase before 1976/77 shift had significant 

decrease after 1976/77 and vice versa. Thus, there is a transition in the nature of trend in the CSDI 

series. In most part of Interior Peninsular (IP) and coastal belts, there is a reduction in CSDI after 

1976/77 period. There is a significant transition from decreasing to increasing nature in the SU series 

in parts of WC region like Kerala and an opposing nature in the West Bengal region. There is a clear 

dynamics in the nature and strength of trend values of TR series of pre and post climate shift. In the 

WC, EC and part of IP, there is a switch over to positive trend (from negative), whereas in the NC and 

NW region there is a clear switch over to negative trend (from positive) with respect to the climate 

shift of 1976/77 period. The transition in the nature of trend is practically absent in the WSDI time 

series. The non-parametric CDFs of the four temperature indices are presented in Figure 5.  
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Figure 5 Non parametric CDFs of trend of temperature indices before and after 1976/77 climate shift 

(a) CSDI; (b) SU; (c) TR; (d) WSDI.

Figure 6 clearly shows that there is a visible reduction in MK values of the post 1976/77 CSDI series, when 

compared with that of pre 1976/77 period. There is an apparent increase in the MK values of TR and WSDI 

series of post 1976/77 period, while the change in SU series was found to be marginal. The post 1976/77 

scenario can also be considered to be an increased urbanization case. The amplified trend values under increased 

urbanization imply that the different temperature indices except CSDI exhibited more non-stationarity (NS). It is 

interesting to note that the wet conditions of temperature like CSDI are subjected to a reduced non-stationarity 

against the increased NS case for other indices. Figure 5 shows that for CSDI series, a 27 % of grids displayed a 
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switchover from increasing trend to decreasing trend in all the cases and there is a substantial reduction in the 

number of grid points with a decreasing trend, after the climate shift. The increased urbanization and climate 

shift has more severe direct impact in inducing non-stationarity in temperature extremes in Indian context.  The 

increased NS of the temperature is inextricably linked with the changing climate and its potential impact is 

leading to the behavior and frequency of extremes.  
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Figure 6 Percentage of grid points showing different trends of MK values of annual temperature 

indices before and after the 1976/77 climate shift. (a) CSDI; (b) SU; (c) TR; (d) WSDI. Upper panels 

show the trend of extreme indices before the shift and lower panel show the trend of extreme indices 

after the shift. 

3.3Change Point Analysis 

Pettitt’s test is applied to detect the single change-point in annual time series of ETIs of all the grid 

points at a significance level of 5%. The total 65 years, that is, from 1951 to 2015, is divided into 6 

time spells-1951 to 1960, 1961 to 1970, 1971 to 1980, 1981 to 1990, 1991 to 2000 and 2000 to 2015 

and the number of grid points having change point in each time spell was counted, for each ETI. 

Figure 7 shows the bar chart of annual extreme temperature indices. In the charts X axis shows the 6 

decades while the Y axis shows the number of grid points showing a change in the climate pattern. 

Figure 7 Bar chart of number of change point years of annual extreme temperature indices. 

(a) CSDI; (b) SU; (c) TR; (d) WSDI
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A clearer understanding about the decades in which the change point was detected in majority of the 

grid points for each of the ETIs can be obtained from Table 1.  

Table 1 Percentage of grid points showing change point on 6 different decades. Maximum percentage 

are marked in bold 
Indices 1951-1960 1961-1970 1971-1980 1981-1990 1991-2000 2001-2015 

WSDI 0% 17.69% 14.07% 33.21% 27.43% 7.58% 

TR 2.88% 18.05% 18.77% 12.99% 43.32% 3.97% 

SU 2.52% 14.80% 18.05% 29.60% 27.07% 7.94% 

CSDI 1.08% 26.35% 20.21% 24.18% 17.69% 10.46% 

In Table 1, the grid points showing a change point on a particular decade is given in percentage from 

which it is seen that maximum number of grids displayed a change in the decade of 1981-1990 in SU 

and WSDI series. The CSDI and TR series indicated a change during the decades of 1961-70 and 

1991-2000. 

This study examined the spatial and temporal variability of trends of ETIs in India along with their 

change point years. In general, the different extreme temperature indices of India exhibited high 

degree of diversity in trend. It was well established that the large-scale climatic oscillations from 

oceans play a major role on Indian monsoon system and the role of these circulations on the extremes 

of rainfall also cannot be ignored (Gupta and Jain 2020). Apart from the global parameters like 

terrestrial radiations, the local factors like the latitude, topography and local processes (terrain, 

moisture and vegetation) along with oceanic and atmospheric circulations may influence the extremes 

of temperature. Thus, it will be hard to find a unique pattern in the changes in extreme indices. Thus, a 

concurrent impact of many such factors eventually may contribute to the occurrence of extremes and 

their frequencies. More studies need to be solicited using the seasonal climatic indices, station wise 

datasets need to be performed to corroborate this observation. Also, the studies on the physical 

reasoning of occurrence and frequency of temperature extremes of India are highly warranted. 

4. Conclusions

This study examined the spatial and temporal variability of extreme temperature indices by 

performing the trend analysis of the indices at geographical grid level of 1ox1o spatial resolution along 

with change point analysis. Four temperature indices at annual scale resolution are considered and the 

trend was analyzed for the pre and post 1976/77 climate shift. The major conclusions drawn from the 

study include: 

• The trend analysis of extreme temperature indices showed that there is a dominancy of

increasing trend in all the four temperature extremes (CSDI, SU, TR and WSDI)

• There is a clear reduction in MK values of CSDI, after the climate shift of 1976/77, while

there is an increase in MK values of TR and WSDI indices,

• Thus, there is a lack of uniformity in the trend of temperature extremes in India which could

be attributed to the concurrent effect of regional urbanization and global climate shift,

• The change point analysis of extreme temperature indices showed that while two (SU and

WSDI) of the indices exhibited change point during the year 1981-1990 the indices TR and

CSDI showed change point in the years 1991-2000 and 1961-1970. Thus, the Pacific global

climatic shift of 1976/77 does not have much affect on the Indian temperature variations.
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Abstract 

Large-scale ocean-atmospheric phenomena or climatic oscillations have a strong influence on Indian Summer 

Monsoon Rainfall (ISMR). ISMR has both temporal and spatial variability that causes frequent droughts and 

floods in various parts of India. The variations in ISMR have significant effects on agriculture, annual water 

availability, power generation, and the country's economic growth. This study examined the variation of ISMR 

due to different ocean atmospheric phenomena, such as El Niño Southern Oscillation (ENSO), Pacific Decadal 

Oscillation (PDO) and Atlantic Multi-decadal Oscillation (AMO), in different regions of India. The goal of the 

study was to analyse the individual and coupled effects of climatic oscillations on spatiotemporal variations of 

ISMR. A non-parametric statistical method namely Wilcoxon Rank Sum (WRS) test was used to identify the 

teleconnection between ISMR and global atmospheric circulations. The individual analysis shows that ENSO has 

a major influence on changing the spatial pattern of ISMR than PDO and AMO. The coupled analysis was 

performed to understand how the different phases of PDO and AMO interacted with different phases of ENSO on 

ISMR in various regions of India. When El Niño associated with the negative phase of AMO resulted  in a 15% 

increase of ISMR in Northeast India, which is a deviation from normal El Niño phase. The results of this study 

can be used as a guideline for making better decisions on water resources management. 

Keywords: Climatic oscillation, ISMR, ENSO, AMO, PDO. 

1. Introduction

In India, the rainfall received from June to September is known as the Indian Summer Monsoon Rainfall 

(ISMR) and contributes approximately 75% of the total annual rainfall (Capua et al. 2019). The 

interannual variation in ISMR has significant impacts on agricultural production, hence affecting the 

country’s economic growth (Gadgil et al. 2007). The variation of ISMR is linked with large-scale ocean 

atmospheric circulation patterns. El Niño-Southern Oscillation (ENSO) (Kumar et al. 1999; 

Krishnamurthy and Goswami 2000; Gershunov et al. 2000), Equatorial Indian Ocean Oscillation 

(EQUINOO) (Gadgil et.al 2003;Francis and Gadgil 2010), Atlantic Multidecadal Oscillation (AMO) 

(Lu et al. 2006; Kucharski et al. 2009), Pacific Decadal Oscillation (PDO) ( Krishnamurthy 2013) are 

known to be the important teleconnection pattern which influence the spatiotemporal variation of ISMR. 

ENSO is one of the major modes of climatic variability which extended over a large area of the globe 

(Zong 2019). It is the anomaly observed in the Sea Surface Temperature (SST) at the equatorial Pacific 

Ocean with a periodicity of two to seven years. As a consequence, warming or cooling of SST is 

occuring at Eastern Tropical Pacific. The warmer phase is known as El Niño and the colder phase is 

known as La Niña. PDO and AMO are the fluctuations of SST that occurred in the North Pacific Ocean 

and North Atlantic Ocean, respectively. AMO and PDO have two phases of oscillations, warm/positive 

and cold/negative. The warm phase is characterized by above-average SST while the cold phase is 

characterized by below-average SST. AMO and PDO cycles oscillate with a periodicity of 50-70 years 

(Schlesinger and Ramankutty 1994; Sun et al. 2005; Tootle et al. 2005) and 25-30 years, respectively. 

Several studies focused on finding the association between climatic oscillation and ISMR using 

different statistical and numerical models (Pant and Parthasarathy 1981; Kumar et al. 1999; Gadgil et 

al. 2004; Maity and Kumar 2006; Malik et.al. 2018). Correlation analysis was performed to understand 

the association between ENSO and ISMR (Pant and Parthasarathy 1981). Based on the previous studies, 

it is known that El Niño events are associated with below normal ISMR and the opposite occurs during 
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La Niña events. (Rasmusson and Carpenter 1983; Gadgil et al.  2004). 1997 and 2002 were the strong 

and weak El Niño years, but the failure of ISMR was completely unanticipated. According to Gadgil 

(2003), the relationship between ISMR with El Niño events is not unique throughout the years. Decadal 

and multidecadal oscillations occurring in the various parts of the world play a significant role in 

changing the spatial pattern of ISMR. The warm (cold) phase of the PDO was associated with deficit 

(excess) rainfall over India. The PDO oscillations influence and modify the relation between the 

monsoon rainfall and ENSO (Krishnamurthy and Goswami 2000). The Atlantic Multidecadal 

Oscillation (AMO) index shows a positive correlation with ISMR (Krishnamurthy  and Krishnamurthy  

2013). Much of the early research gave emphasis on studying the relationship between ENSO and 

hydrologic variables such as precipitation and streamflow in India. But recent studies have started to 

consider how decadal and multidecadal oscillations interact with interannual oscillations to evaluate the 

climatic condition on different components of the hydrologic cycle (Tootle et al. 2005; Singh et al. 

2014). The present study aims to understand the variation of ISMR with different oscillations like 

ENSO, AMO and PDO (individual analysis) and the combined effect of ENSO and decadal/multi-

decadal oscillations (Coupled analysis) across India. For this study, India is divided into five 

homogenous monsoon regions (HMR) (Figure 1) based on the rainfall characteristics and association 

with global/regional parameters (Parthasarathy et al. 1995). 

Figure 1 Map showing the  homogenous monsoon regions (HMRs)  of India. 

2. Data and Methodology

2.1. Precipitation data 

The precipitation pattern of India has been studied using the daily gridded rainfall data over a period 

from 1950 to 2015. The data were downloaded from the Indian Meteorological Department (IMD) 
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website. The spatial resolution of the data set is 0.25X0.25 degrees; there are a total of 4964 grid points 

for representing Indian subcontinent. The unit of ISMR is in millimetres. 

2.2 Interannual climatic oscillation (ENSO) 

The strength of ENSO events is represented using several indices and, all of which are based on various 

parameters. Sea level pressure, zonal and meridional components of the surface wind, sea surface 

temperature, surface air temperature, etc. are some of the parameters. In general ENSO indices are 

calculated based on the SST (Trenberth and Stepaniak1997).. Niño 3.4 SST index  used in this study 

was obtained from the National Centre for Climate Prediction. This index is based on the 3-month 

running average of sea surface temperature anomaly in the Niño 3.4 region (5N-5S, 170W-120W). 

When the Niño 3.4 index is above +0.5°C and below -0.5°C, ENSO events are classified as El Niño 

and La Niña phases respectively. When the Niño 3.4 index is between +0.5°C and -0.5°C, ENSO events 

are classified as a neutral phase (Ropelewski and Halpert 1986; Singh et al. 2015). 

2.3 Decadal and interdecadal climatic oscillation (PDO and AMO) 

The anomalous SST pattern observed in the North Pacific basin (typically, polewards of 20°N) is known 

as the Pacific decadal Oscillation (PDO). Positive values of the index are associated with above-normal 

SSTs while negative values of the index are associated with below-normal SSTs in the central and 

western North Pacific around 45°N (Mantua et al.1997). PDO phases can be classified as warm/positive 

and cold/negative phases based on the positive and negative values of the SST anomalies (Singh et al. 

2015; Tootle et al. 2005). The PDO index used for the study was obtained from the National Climate 

center for Area of Research (NCAR). Similarly, the anomalous SST pattern observed in the North 

Atlantic Ocean is termed as Multi-decadal Oscillation (AMO). It is based on the average anomalies of 

sea surface temperatures (SST) in the North Atlantic basin, typically over 0-80°N (Ramankutty1994; 

Enfield et al.2001; Tootle et al. 2005). AMO phase is classified as warm/positive and cold/negative 

phases, respectively. The AMO index used for the study was obtained from the National Climate Centre 

for Area of Research (NCAR).  

2.4. Methodology 

Wilcoxon Rank Sum (WRS) test is a powerful nonparametric test used to compare the dependency 

between two independent groups. The rank-sum test assumes the two data sets are identically distributed 

and there is no assumption of normality. Here in this study WRS test is used to find whether there is a 

significant difference in the median values of Indian summer monsoon rainfall corresponding to 

different phases of climatic oscillations like ENSO, PDO, and AMO. The significance of statistical 

differences was obtained at a significant level of 5%. WRS test is based on the ranking of observations 

from two combined samples. Two hypothesis tests have been performed to determine if the median of 

the population difference is significant or not.  

2.4.1 Nonparametric Testing of Interannual ENSO Phases and Interdecadal (PDO, AMO) 

Phases (Cold or Warm) on ISMR 

The phases (Cold or Warm) were evaluated for interannual (ENSO) and interdecadal (PDO 

and AMO) oscillations in such a way that differences in median values of ISMR were reported 

at a significant level of 5%. Significant points for different regions of India were identified for 

each of the interdecadal and interannual influences on ISMR. The median values of ISMR on 

different phases of interannual and interdecadal oscillation were compared with observed long-

term median value and results were plotted using a Box and Whisker plot. 
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2.4.2 Nonparametric Testing of association between Interdecadal (PDO, AMO) and 

Interannual oscillation (ENSO) on ISMR 

This analysis was performed at a significant level of 5 % to check if the effects of interannual 

oscillation is varied with other phases of interdecadal oscillations. An evaluation was 

performed to know how different phases of interdecadal oscillation have (e.g., AMO/PDO cold 

and warm) impact on a specific phase (e.g., warm, El Niño) of ENSO. This is helpful to identify 

the regions where the interdecadal phase influenced different phases of ENSO.  

3 Results and Discussions 

The results of the non-parametric tests are presented in Figure 2-5. The red/blue colour box 

plot represents El Niño/La Niña and positive/negative phases of other oscillations, respectively. 

3.1 Individual analyses 

3.1.1 Interannual ENSO phases 

Table 1 shows the number of station points showing significant difference in median values of ISMR 

for interannual and decadal oscillations for different regions. The greatest number of significant points 

were obtained in West central India (WCI) (729), Northwest India (NWI) (708), Peninsular India (PEN) 

(327) and Northcentral India (NCI) (266).  The influence of ENSO on ISMR was found to be significant

in all the regions except Northeast India (NEI) (43). The results of the WRS test for ENSO cycle for

different regions are presented in Figure 2 and 3. The difference in ISMR between each phase was

compared with the long-term median. The La Niña phase was associated with an increased ISMR

while the El Niño phase was associated with a decreased ISMR across all climatic regions.  NCI

received approximately 17% higher ISMR during La Niña phase while ISMR decreased approximately

by 22% during El Niño phase. In NWI, ISMR was increased by 25% during the La Niña phase while

decreased by 45% during El Niño phase.

3.1.2 Interdecadal oscillations (AMO and PDO) 

A greater number of significant points (Table 1) were obtained in NWI (257) followed by WCI (188), 

PEN (89), NCI (83), and NEI (43). The influence of PDO on ISMR was similar to the way that ENSO 

impacts large scale circulation patterns in all the regions except NEI. In NEI, ISMR has increased 

approximately by 10% during the positive phase of PDO while ISMR reduced by approximately 9% 

during the negative phase of PDO. However, the influence of the PDO warm phase on ISMR was less 

as compared to the El Niño phase. It can be noticed from the figure that ISMR was approximately 

increased by 25%, 15%, and 17% in NWI, WCI, and NCI respectively during the negative phase of 

PDO. Similarly, in these regions, ISMR was reduced by approximately 7%, 8%, and 5% during the 

positive phase of PDO. 
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Figure 2 Box and whisker plot for the percentage increase/decrease of ISMR in North Central India 

(NCI), North west India (NWI), West Central India (WCI) and North West India (NWI) for different 

phases of oscillations (El Niño, La Niña, AMO+, AMO-, PDO+ and PDO-). 

Table 1 Number of the station point showing significant difference in median values of ISMR for 

different regions for interannual and decadal oscillations. 

Region ENSO PDO AMO 

Northcentral India 266 83 67 

Northeast India 43 58 62 

Northwest India 708 257 200 

Peninsular India 327 89 25 

West central India 729 188 96 

The number of grid points showing significant differences in ISMR during the different phases of AMO 

is given in Table 1. The greatest number of significant points were obtained in NWI (200), followed by 

WCI (96), NCI (67), NEI(62), and PEN (25). The effect of the AMO phases on ISMR was not 

consistent, it was varying from region to region. It was found that the positive phase of AMO was 

associated with a decrease in ISMR whereas the negative phase of AMO was associated with an increase 

of ISMR across all regions except NWI. In this region ISMR was increased by 23% during the positive 

phase of AMO while ISMR was 15% deficit during the negative phase of AMO. The influence of 

different phases of AMO on ISMR was found to be less in NCI. In this region, ISMR has increased by 

approximately 4% during the negative phase of AMO and decreased by 6% during the positive phase 
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of AMO. Similarly, in WCI ISMR has increased by approximately 15% during the negative phase of 

AMO while ISMR decreased by 20% during the positive phase of AMO. 

Figure 3 Box and whisker plot for  the percentage increase/decrease of ISMR in Peninsular India 

(PEN) for different phases of oscillations (El Niño, La Niña, AMO+, AMO-, PDO+ and PDO-) 

 3.2 Coupled analyses 

The time period for PDO and AMO oscillation is varying in decadal to multidecadal scale; however, 

ENSO phases oscillate in the interannual time scale of 2-7 years. A Wilcoxon rank-sum test was used 

to find the coupled effect of ENSO-PDO and ENSO-AMO for all the climatic regions. 

3.2.1 ENSO- PDO interaction 

The coupled effect of PDO and ENSO was evaluated between positive and negative phases of PDO 

within the different phases of ENSO. Figure 4 and 5 represent the boxplot indicating the percentage 

changes of ISMR for different phases of ENSO during the positive and negative phases of PDO. All 

the climatic regions showed strong association (p<0.05) between PDO and ENSO. When La Niña and 

El Niño associated with the positive phase of PDO, it resulted in below normal ISMR across all regions 

except the Peninsular region. The influence of the positive phase of PDO on La Niña enhanced the 

ISMR approximately by 50% in the Peninsular region. However, El Niño associated with the positive 

phase of PDO reduced ISMR in all the regions. It was observed that the association of positive PDO 

and La Niña resulted in a deficit of ISMR approximately by 10% in NEI, which is a deviation from 

usual La Niña phase. It can be interpreted that the individual effect of La Niña was suppressed by the 

positive phase of PDO. In WCI, the influence of the positive phase of PDO on El Niño and La Niña 
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phase resulted in a reduction of ISMR by 8%. However, the influence of the negative phase of PDO on 

different phases of ENSO was not consistent across all the regions. In NWI, the combination of negative 

phases of PDO and La Niña phase resulted in a 25% deficit in ISMR, which is an abnormal behaviour 

of La Niña phase.The Peninsular region did not show any significant change in ISMR when the PDO 

negative phase associated with La Niña and El Niño phase. 

  3.2.2 ENSO- AMO interaction 

The coupled effect of AMO and ENSO was evaluated between positive and negative phases of AMO 

within the different phases of ENSO. Figure 4 and 5 represent the boxplot indicating the percentage 

changes of ISMR for different phases of ENSO connected with positive and negative phases of AMO. 

It was found that the association of ENSO on the positive phase of AMO results in a reduction of ISMR 

in NEI and NWI. The AMO positive phase suppressed the individual effect of the La Niña phase and 

reduced the ISMR by 4% and 10% as compared with long term median in NEI and NWI, respectively. 

However the influence of the negative phase of AMO on El Niño was found to be dominant in NEI and 

WCI. In these regions, ISMR was approximately increased by 15% and 10% respectively. 

Figure 4 Box and whisker plots for percentage increase/decrease of ISMR during El Niño and La 

Niña associated with different phases of AMO and PDO in Peninsular India. 
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Figure 5 Box and whisker plots for percentage increase/decrease of ISMR during El Niño and La 

Niña associated with different phases of AMO and PDO in North west India (NWI), North Central 

India (NCI), North West India (NWI) and West Central India (WCI). 

4. Conclusions

  This study focused on the relationship between interannual, decadal/multi-decadal 

climatic oscillations on ISMR. The study of the individual analysis showed that the ENSO, PDO and 

AMO have significant effects on changing the spatial pattern of ISMR over India. ENSO has a major 

influence on changing the spatial pattern of ISMR as compared with other oscillations. The El Niño 

phase resulted in a reduction of ISMR by approximately 45% while the La Niña phase resulted in an 

increase of ISMR by approximately 45% as compared to long-term median in NWI. Different phases 

of PDO depicted a similar trend to that of ENSO except in NEI. NEI is the only exceptional region 

where the effects of ENSO, PDO, and AMO on ISMR were not significant. 

 The coupled analysis was performed to understand how the different phases of PDO and AMO 

influence their counterpart phases of ENSO. When different phases of ENSO were associated with 

different phases of multidecadal oscillation enhance or diminish the ISMR. The effects of the El Niño 

phase alone resulted in a decrease in ISMR. However, when it linked with different phases of AMO 

and PDO resulted in above normal ISMR. The El Niño phase associated with the negative phases of 

AMO resulted in approximately 15% above normal ISMR in NEI. Across all the regions PEN showed 

a wide range of changes of ISMR when different phases of ENSO were associated with different phases 

of PDO and AMO. 
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Abstract 

Understanding the precipitation pattern and trend of a region is very important in water resources planning and 

management. The trend in the historic rainfall time series and extreme precipitation indices in the Achencoil 

basin Kerala state is evaluated using Mann Kendall test and Sen’s slope analysis. Analysis of annual and 

seasonal rainfall showed an increasing trend in the area. Annual and monsoon rainfall showed a significant rise 

in two out of the four grid points considered. Two extreme rainfall indices RX1day and RX5day have been 

considered in the study. RX1day experienced increasing trends in all points with a significant rising trend at 

Grid D. RX5 day showed an increasing trend at two grid points and decreasing trends at the other points, all are 

insignificant. The results highlighted the presence of a significant trend in rainfall at various scales, which 

demands the need for detailed analysis of climate change in the region.  

Keywords: Achencoil basin, Mann Kendall test , Extreme rainfall indices 

1. Introduction

The last hundred years witnessed significant changes in the global climate (Akinsanola and Ogunjobi 

2017). Among the various climatic elements, rainfall is a key factor in the regionalization of climate 

and environmental conditions (Javari 2016). The amount of rainfall received in a region is the 

principal factor determining the amount of water available for various water uses (Nengzouzam et al. 

2020). Changes in precipitation patterns can cause hazardous events like floods and droughts that will 

adversely affect the society and environment (Zhang and Liang 2020). Research on the changes in the 

occurrence and allocation of rainfall is remarkable for sustainable water resources management 

(Praveen et al. 2020).  

Trend analysis in rainfall time series has been considered in many studies (Mengistu and Lal 2014; 

Panda and Sahu 2019; Salehi et al. 2020; Shawul and Chakma 2020). Spatial and temporal analysis of 

daily and monthly rainfall in Southern Italy by Coscarelli and Caloiero (2012) found positive trend for 

summer precipitation and negative trend during winter and autumn. In the Upper Blue Nile River 

Basin, Ethiopia, precipitation showed statistically non-significant increasing trends of 35 mm per 

decade at the annual timescale and similar results were obtained for seasonal trend analysis except for 

spring (Mengistu and Lal 2014). Trend analysis of rainfall and temperature in the Woleka sub-basin 

Ethiopia by (Asfaw et al. 2018) reported a decreasing trend in rainfall during the rainy season and an 

increasing trend after the rainy season. Air temperature showed an increasing trend for mean and 

minimum temperatures, while no trend was showed by maximum temperature.   

From the last century onwards, attempts have been done in India on trend analysis of annual and 

seasonal precipitation (Krishnakumar et al. 2009). The post-monsoon coefficient of rainfall in the 

Sindh basin was higher than the annual precipitation, which underlines huge inter-annual variability in 

the basin (Gajbhiye et al. 2016). They also pointed out the need for adaptation strategies to flood and 

drought, as the basin might face these calamities due to the prevailing high inter-annual variability. 

Annual as well as monsoon rainfall in West Bengal showed a decreasing trend in all stations studied 

(Kundu and Mondal 2019), and from this long term trend study they commented that the local factors 

like urbanization, deforestation, increase in greenhouse gases and aerosols could be more influential 
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in West Bengal rather than the ENSO-ISMR effect in the state. Annual,winter, pre-monsoon and 

monsoon rainfall were found to be decreasing, while the post-monsoon rainfall was increasing in the 

Umiam and Umtru watersheds, Meghalaya (Kundu and Mondal 2019). The southernmost state of the 

country, Kerala, is known as the gateway of monsoon in India and is receiving 80% of rainfall from 

the south-west monsoon. Many researchers have studied the rainfall variability and trend of rainfall 

and temperature as well as extreme precipitation indices of the state at regional and basin level 

(George and Athira 2020; Jagadeesh and Anupama 2014; Krishnakumar et al. 2009). In the present 

study, the pattern and trend of rainfall in the Achencoil river basin have been considered. 

2. Study Area

The study area selected is the humid tropical basin, Achencoil, Kerala, India and lies between 76° 24’ 

to 77° 18’ E longitude and 9°  2’ to 9°19’ N latitude. The river originates from Pasukidamettu in the 

Western Ghats at an elevation of 700 m and has a basin area of 1484 km2. The river is one of the five 

rivers draining to Vembanad lake, having a length of 128 km  with Kallar as its major tributary. The 

annual average rainfall in the basin is above 3000 mm, with its major part receiving during the South-

west monsoon. The temperature in the basin varies between 28°C to 33°C. The study considered a 

trend analysis of rainfall at annual and seasonal time scales. The IMD gridded data (0.25°X 0.25°) 

(Pai et al. 2013) with a temporal resolution of one day was utilized for the study. Four seasons 

considered were winter (Dec-Feb), pre-monsoon (Mar-May), monsoon(June-Sep) and post-

monsoon(Oct-Nov), based on IMD classification. ArcGIS 10.2 and XLSTAT Packages were used for 

data processing and statistical analysis. 

Figure 1 Location of Achencoil river basin 

3. Methodology

3.1Mann Kendall test 

Trend tests can be carried out with parametric or nonparametric approaches. Mann Kendall test is a 

widely used nonparametric trend test of hydrological time series (Gajbhiye et al. 2016; Jagadeesh and 
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Anupama 2014; Javari 2016; Krishnakumar et al. 2009; Mengistu and Lal 2014). The test statistic is 

calculated as 
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The magnitude of the trend can be determined with Sen’s slope (Sen 1968).  
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Where, Xi and Xj are the values at time steps i and j and β represents the median of all slope. A 

positive value of Sen’s slope indicates an increasing trend, while a negative value suggests a declining 

trend. 

4. Results and Discussion

The summary of the behavior of rainfall in the area is showed in Table1. During 1985 to 2015, the 

annual average rainfall varies from 940.2 mm to 2784.5 mm and SD between 374.3 to 69.7 mm 

respectively. The highest maximum rainfall was showed at Grid B during the year 2006 and lowest 

minimum rainfall at Grid D in 1989. The CV is higher for winter than other seasons. Negative 

skewness is dominating for all time scales except for Grid A and B for annual and monsoon periods. 

Also, positive kurtosis is dominating in all points compared to the negative values.  
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Table 1 Annual and seasonal rainfall statistics 

Max(mm) Min(mm) mean(mm) SD(mm) CV Kurtosis Skewness 

Annual 

Grid A 3892.8 1629.1 2784.5 512.4 18.4 0.295 -0.562

Grid B 4006.8 1232.2 2697.3 699.7 25.9 -0.407 -0.292

Grid C 2840.0 494.8 1284.4 548.6 42.7 0.779 0.756

Grid D 2189.8 360.5 940.2 374.3 39.8 2.843 1.349

Winter 

Grid A 259.4 4.2 86.9 67.8 78.0 -0.048 0.738 

Grid B 460.7 8.2 117.7 100.7 85.6 3.788 1.764 

Grid C 369.3 9.5 126.1 79.6 63.2 1.670 1.135 

Grid D 413.8 5.2 147.2 100.8 68.5 0.850 1.074 

Pre-monsoon 

Grid A 847.1 185.3 472.5 180.6 38.2 -0.865 0.405 

Grid B 1152.0 194.2 545.0 220.9 40.5 2.329 1.259 

Grid C 668.7 70.4 234.4 143.3 61.2 1.359 1.357 

Grid D 449.4 18.4 204.5 120.8 59.1 -0.452 0.735 

Monsoon 

Grid A 2406.4 495.4 1670.0 404.6 24.2 1.084 -0.784

Grid B 2115.7 162.1 1406.8 453.3 32.2 0.686 -0.872

Grid C 1244.6 40.3 481.1 343.4 71.4 -0.791 0.610

Grid D 1020.8 7.2 184.3 245.2 133.1 5.414 2.443

Post monsoon 

Grid A 1082.7 192.3 555.2 200.2 36.1 0.056 0.208 

Grid B 1117.7 167.9 627.8 252.8 40.3 -0.669 0.409 

Grid C 1081.6 191.4 412.4 182.3 44.2 4.484 1.677 

Grid D 897.5 163.9 404.2 161.8 40.0 1.516 1.120 

4.1Trend analysis 

Trend analysis was carried out for the annual and seasonal rainfall of the period 1985 to 2015 and the 

null hypothesis was examined at the level of α = .05. Table 2 represents the nature of the trend of 

annual and seasonal precipitation in the study area.  Most of the series showed a rising trend. 

Considered four grids showed a rising trend in annual rainfall, significant increase in rainfall at Grid C 

and D. While considering the seasonal analysis during winter, Grid A showed a significant increasing 

trend, Grid C and D an insignificant increasing trend and Grid B with an insignificant declining trend. 

Major significant trends were obtained in the pre-monsoon period, where three out of the four points 

exhibit a significant rising trend. However, Grid B showed a declining trend and was not prominent. 

Trend detection of monsoon period follows a similar pattern except for grid A, B, C and D was found 

with an increasing trend, even though trend at B is not prominent. Grid A exhibits a declining trend 

during the monsoon period only. Analysis of the post-monsoon rainfall during the considered thirty 

years revealed that all the points are experiencing an increasing trend, though not significant. 

Considering the four grid points analysed, the annual rainfall increases at the rate of 17 mm/year, and 

from seasonal analysis, 1.102 mm/year for winter, 4.71 mm/year for pre-monsoon, 5.5 mm/year 

during monsoon and 4.5 mm/year during post-monsoon periods. 

Table2 Statistics of trend analysis of annual and seasonal rainfall 

Annual Winter Pre-monsoon Monsoon Post-monsoon 

p-value Sens 

slope 

p-

value 

Sens 

slope 

p-

value 

Sens 

slope 

p-

value 

Sens 

slope 

p-value Sens

slope 

Grid A 0.284 12.618 0.017 3.013 0.004 9.940 0.748 -4.260 0.153 7.120 

Grid B 

0.858 4.250 0.630 

-

0.943 0.617 -3.171 1.000 0.142 0.134 3.500 

Grid C 0.001 35.227 0.669 0.567 0.001 7.221 0.001 21.538 0.254 3.930 

Grid D 0.011 17.615 0.498 1.771 0.050 4.889 0.017 4.535 0.318 4.161 
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Figure 2 Variation of annual rainfall at Grid C and D 

Figure 3 Variation of seasonal rainfall at Grid A 

Figure 4 Variation of seasonal rainfall at Grid C 

4.2 Extreme Precipitation indices Analysis 
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Two extreme precipitation indices, RX1 day and RX5day from the extreme precipitation indices by 

Expert Team on Climate Change Detection & Indices (ETCCDI) were considered in the study. RX1 

day, which represents the maximum 1-day rainfall, showed a significant increasing trend at Grid D, 

while other grids experienced an insignificant trend. The index Rx5 day represents the maximum 5-

day rainfall and the trend test of this showed declining trend at A and B and rising trends at C and D. 

However, none of the grids exhibited a prominent trend. 

Table 3 Statistics of trend analysis of extreme precipitation indices. 

RX1day RX5day 

p-value Sen’s slope p-value Sen’s slope 

Grid A 0.312 0.169 0.312 -0.481

Grid B 0.126 0.366 0.691 -0.195

Grid C 0.207 0.149 0.126 0.680

Grid D 0.014 0.303 0.067 0.527

5. Conclusions

The understanding of spatio-temporal distribution of rainfall is important for sustainable water 

resources planning and management. The long term trend analysis of rainfall on annual and seasonal 

scales in the Achencoil basin reveals a positive trend in rainfall in the region. The Rx1 day index was 

showing an increase in trend, in all the grids, while RX5day exhibited both rising and declining 

trends. The increasing trend suggests the necessity of updating water management techniques in the 

basin.  This can be considered as a preliminary study and  further research is needed for a clearer 

understanding of changes in climate variables. 
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ABSTRACT 

Under Sagarmala expansion plan, New Mangalore Port has proposed to deepen the approach channel 
in stages from -15.4 m to upto -20 m to cater to 180,000 DWT vessels. New Mangalore Port is a 
lagoon type harbour with a long approach channel artificially created by dredging. The Port is nestled 
between the Netravati and Gurpur rivers at location 12°57ʹ17ʺN and 74°48ʹ17ʺE in the state of 
Karnataka. The port is approached through a 7.5 km long channel with water depths in the outer 
channel being -15.4 m below CD and that of the inner channel being -15.1 m. The existing north and 
south breakwaters are approximately 770 m each which protect the lagoon area for safe handling 
operations as well as restrict the littoral drift and also provide the adequate stopping distance to ships. 
The prevailing depths in approach channel can cater vessels up to 90,000 DWT.  Numerical model 
studies were taken up to predict the impact of deepening on hydrodynamics and sedimentation in the 
approach channel considering both wave and tide induced currents. Both hydrodynamics and 
sedimentation models were calibrated for prevailing currents and sedimentation in the approach 
channel and harbour area and model was simulated for proposed depths to predict sedimentation after 
deepening of the channel to different depths. The total annual maintenance dredging quantities for 
proposed deepened depths of -18.0 m and -20.0 m were estimated to be 7.8 Mcum and 9.2 Mcum 
respectively against the present quantity of about 6.2 Mcum. 

1.0 INTRODUCTION 

Coastal erosion and deposition   is a major problem that needs to be addressed in areas where 

any infrastructure development is planned. Coastal morphological changes of any site depend 

on many factors such as the environmental conditions, sediment properties, human 

intervention and their complex interaction. Many theories and formulations have been 

developed till date to understand the complex processes active in the coastal zone. MIKE-21 

HD/MT software is based on the state of art research in this area and same has been used to 

simulate model. The study area NMPT is a lagoon type harbour with a long approach channel 

artificially created by dredging. The Port is a modern all-weather port situated at Panambur, 

Mangalore on the West Coast of India which is 170 nautical miles south of Mormugao and 

191 nautical miles north of Cochin Port. The Port is nestled between the Netravati and 

Gurpur rivers at location 12°57′17″N and 74°48′17″E in state of Karnataka (Figure 1). The 

port comprises three dock systems viz. Eastern Dock arm, Oil Dock arm and the western 

dock arm; it has in all 15 berths. The port is approached through a 7.5 km long channel with 

water depths in the outer channel being -15.4 m below CD and that of the inner channel being 

-15.1 m. The existing north and south breakwaters are approximately 770 m each which

protect the lagoon area for safe handling operations as well as restrict the littoral drift and

also provide the adequate stopping distance to ships. The distance between roots of

breakwater is 1362 m which tapers to 935 m at the tip of the breakwaters. The prevailing
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depths in approach channel can cater vessels up to 90,000 DWT.  The eastern arm dock can 

cater to vessels up to a maximum size of 30,000 DWT. The western dock arm caters to bulk 

cargo traffic.  

Accordingly, it is proposed to cater larger ships to increase the capacity of Port. In this 

regard, NMPT proposes deepening of existing channel and part of harbour area from -15.4 m 

to -18.0 m and -20.0 m in stages.  

Figure 1: Location Map of The Study Area 

In the present paper, a 2-D mathematical model has been developed using MIKE-21 FM 

software for tidal hydrodynamics and Siltation to study the impact of deepening at NMPT, 

New Mangalore. 

2.0ANALYSIS OF PROTOTYPE DATA 

Field data is the inherent part of model studies which is used to calibrate the model to further 

predict the impact of morphological changes due to proposed manmade changes in coastal 

area. Mainly the Bathymetry, tidal conditions, bed characteristics, suspended sediment 

concentration and wave data is required to simulate the model . In this study, field observed 

near shore region bathymetry is amalgamated with offshore region obtained by the NMPT 

and C-MAP software as shown in Figure 2.  

The bathymetry covers an area of 50 km X 35 km including river stretches. Towards sea side, 

it covers soundings upto (-) 56 m depth contours below CD. In the approach channel and 

harbour area, very fine mesh is generated while in remaining model area, fine to coarse mesh 

is generated. From this figure, it is seen that the sea depth contours are more or less parallel to 

coastline. 

(Existing Condition)  (Proposed condition) 

Breakwaters 

Dimensional View of Bathymetry -Figure 2: Two
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It is reported that inside the lagoon at existing turning circle, several rock patches exist in the 

shallow portions approximately in the depths of -15 m CD to -17 m CD. Soil in this location 

is composed of medium to stiff clay at the top.  From the entrance of the lagoon area between 

the seawalls towards the approach channel up to 1.5 km, the soil composition is medium sand 

and stiff clay with hard rock starting from a depth of -18 m CD.  In the approach channel  

beyond  1.5  km  from the  mouth of  the lagoon  area,  silty  clay  material  is prominent. 

Average suspended sediment load in sea water is observed to be of the order of 130 ppm. 

The tides at Mangalore are semi-diurnal in nature. The predicted tidal data used for studies is 

shown in Figure 3. This covers both spring and neap tide.  It could be observed that the spring 

tidal range is 1.6m while neap tidal range is 0.68 m. The lowest low water during spring 

water is 0.18 m while during neap it is 0.85m. 

Figure 3: Predicted Tide level at NMPT Port 

The predominant directions of waves at open sea in the vicinity of Mangalore Port during the 

monsoon are West and SW whereas the predominant directions during the fair weather 

months are from NW and North. Analysis of the data collected from ships in and around 

Mangalore revealed that 0.4% of the waves have a height of 4.9 meters above. The wave 

heights in the non-monsoon months are much less and the maximum currents near the port 

area are of the order of 0.55 m/s. 

3.0 MODELING APPROACH 

Coastal hydrodynamics refers to the part of the coastal process which deals with Tide, wave, 

its transformation and dissipation. Radiation stresses also play an important role in coastal 

process. These are the depth integrated and wave averaged excess momentum fluxes due to 

waves as defined by Longuet-Higgins and Stewart (1964). Radiation stresses are responsible 

for set-up, set-down and longshore current in the near shore zone. This approach is used in 

MIKE-21 SW model to simulate radiation stresses. In MIKE-21 HD model, turbulence 

modelling is included in the momentum equations in the terms containing laminar stresses 

and Reynolds stresses. It can be either used as a constant in the horizontal stress terms or by 

using the Smagorinsky’s formulation (1963) to express sub-grid scale transports by using an 

effective eddy viscosity related to characteristic length scale (Lily, 1989).   

In order to simulate dynamics of cohesive sediment, it is necessary to initially compute the 

hydrodynamics of water body in terms of velocity and water level fluctuations. Thus, MIKE-

21 HD model has been used for simulating hydrodynamics while MIKE-21 SW (Short wave) 

model has been used to simulate wave induced radiation stress which is input to MIKE-21 
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HD Model. MIKE-21 HD model is based on the numerical solution of the two- dimensional 

incompressible Reynolds averaged Navier-Stokes equations invoking the assumptions of 

Boussinesq and of hydrostatic pressure. The spatial discretization of the primitive equations 

is performed using a cell-centred finite volume method.   

Further, for simulating sediment transport, Mud Transport Model (MIKE-21 MT) which is 

based on advection-dispersion equation was used which describes erosion and deposition of 

mud or sand/mud mixtures under the action of currents and waves. The two dimensional 

depth averaged sediment transport model (MIKE-21 MT/AD) takes into account conservation 

of mass of sediment, depth averaged velocities, longitudinal dispersion coefficient, lateral 

diffusivity, settling velocity, critical deposition stress, and critical erosion stress for the given 

sediment. Flocculation of mud particles is described as function of suspended sediment 

concentration as given by Burnt 1986. The numerical values of these parameters were 

modified within their ranges such that the prevailing sedimentation in the existing approach 

channel is achieved. 

4. MODEL CALIBRATION

The computational model considered for tidal flow simulations covers entire channel region 

and the extended portion upto -50 m contours in the offshore region is shown in Figure 4.The 

channel and lagoon area are divided in different zones as shown in Figure 4. The model area 

was discretized into a number of triangular grids with flexible mesh. In existing condition, 

dredged depths of -15.4 m exist below chart datum in approach channel and -15.1 m in part 

of harbor area as shown in Figure 4. Hydrodynamic model was simulated for 15 days to 

cover both spring and neap tide using MIKE-21 model. Model has three open boundaries. 

Tidal data was supplied at north and south boundary with phase lag while west boundary was 

supplied with no cross flow flux condition. Model parameters were modified to arrive at 

maximum velocity of 0.55 m/s at the location of observed currents. Tides being mix tide, 

peak currents varies from 0.35 to 0.55 m/s due to two consecutive unequal high tide levels.  

 

Figure 4: Bathymetry Existing Condition for Simulating Hydrodynamic Model

Model results were stored at half an hour interval. Plot of simulated currents is shown in 

Figure 5. It could be seen from figure that magnitude of peak current matches well with the 

observed currents. 

Zone-I 
Zone-II 

Zone-III 
Zone-IV Lagoon 
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Figure  5: Simulated Currents  at Observed Data Location 

Flow patterns during Flood and Ebb phases of tide are shown Figure 6 (a-b).The scale of 

currents is denoted by an arrow shown right side of figure. The length of arrow represents the 

magnitude of current which arrow head represents the direction of flow. The magnitude of 

current in the channel is of the order of 0.3 m/s and it could be seen that flow is across the 

approach channel. The maximum currents in the harbor area are of the order of 0.1 m/s. 

Figure 6 (a-b):Flow Pattern during Flooding and Ebbingin Existing Condition

MIKE-21 MT model was simulated for 15 days covering both spring and neap tide to 

calibrate the sedimentation in the prevailing condition. Dredged data provided by project 

authorities as shown in Figure 6, was used to calibrate sedimentation in the approach channel 

and lagoon. Zone wise calibration by the model is shown in Figure 6.  

Figure 6. Sediment Model Calibration

Sedimentation after 15 days simulation period in existing condition is shown in Figure 7. 

More sedimentation is observed in Zone –II and Zone –III as compared to rest of approach 
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channel. This sedimentation may be caused by tide induced current while in Zone –IV 

sedimentation may be caused due to both littoral drift and tide induced suspended sediment 

currents. The data of the longshore transport could not be made available by the project 

authorities. 

Figure 7. Sedimentation in Approach Channel in Existing Condition 

5. MODEL EXPERIMENTS

It was proposed to carry out studies for two scenarios; one for proposed dredged depth of 

-18m and -20m. Accordingly model bathymetries were modified as shown in Figure 8. Model

was simulated for both these scenarios for 15 days to cover both spring and neap tide without

changing the parameters of model for which model was calibrated.

(Proposed Dredged Depths of -18 m)(Proposed Dredged Depths of -20 m) 

Figure 8: Bathymetry after incorporating Proposed Dredged Depths 

Flow patterns during flood and ebb phases of tide for first Scenario with dredged depth of -18 

m are shown Figure 9. No significant change in flow pattern can be visualized in the model 

area. However, there is a slight reduction in flow velocity in the approach channel. 

Figure 9:Flow Pattern during Flooding and Ebbing Phase (Dredged Depths of -18 m) 
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In the second scenario with dredged depth of -20 m flow patterns during flood and ebb phases 

of tide with -20 m dredged depth are shown Figure 10. The impact of deepening of approach 

channel on hydrodynamics is local in nature.  

Figure 10:Flow Pattern during Flooding and Ebbing Phase (Dredged Depths of -20 m) 

Currents were monitored at 4 locations (Figure 11) to assess the impact of dredging on 

hydrodynamics.  Locations P1, P2 and P3 lie in the approach channel while location P4 lies 

about 500 m north of approach channel. From the Figure 12 it is seen that at locations P1 to 

P3 as dredged depth increases magnitude of currents decreases while at P4 which is outside 

approach channel, there is no variation in magnitude of current. This shows that additional 

dredging would not have any adverse impact beyond approach channel.  

Figure 11: Currents monitoring Locations 

Figure 12: Change in Currents for Different Depths of Dredging 
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MIKE-21 MT model was simulated for a period of 15 days without changing the parameters 

of calibrated model. Sedimentation after 15 days of simulation period in after proposed 

dredging of -18 m is shown in Figure 13. The maintenance dredging in this condition is of the 

order of 7.8 Mcum. Yearly zone wise sediment deposition is given in Table –I.  

Figure 13. Typical plot of Sedimentation in Approach Channel for Proposed Condition 

Table-I : Zone wise Deposition for Dredged Depth of -18 m  

Zones Average Deposition(m) per Annum 

Zone-IV & Lagoon 2.35 

Zone-III 4.4 

Zone-II 3.7 

Zone-I 1.7 

Zone-I extended 1.1 

MIKE-21 MT model was further simulated for a period of 15 days without changing of 

calibrated model parameters shown in Figure 14. The maintenance dredging in this condition 

is of the order of 9.2 Mcum. Yearly zone wise sediment deposition is given in Table –II.  

Figure-14: Typical plot of Sedimentation in approach Channel for Proposed condition 

Zone-I + (Zone1 Extended) 

Zone-I + (Zone-I Extended) 
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Lagoon

Zone-III 4.9

Zone-II 4.2

Zone-I 1.8

Zone-I extension 0.8

6. RESULTS  AND DISCUSSIONS

The deepening of approach channel and harbor area would reduce current in the approach 

channel by about 15%. Deepening of channel reduces re-suspension of sediment and 

reduction in current further increases sedimentation in the channel. Sedimentation in Zone-II 

and Zone-III

 

is observed to be more compared to remaining to channels. This is caused due

 

to 

diversion of flow due to breakwaters and extension of surf zone in front of breakwaters. 

Length of approach channel increases by 1250 m while currents reduce

 

by 7% in approach 

channel by deepening the channel from -15.4

 

m to -18.0

 

m. Tidal currents reduce by 15% and 

length of approach channel increases by 2350 m due to dredging the channel upto -20

 

m 

depth contour below chart datum.  

 

 

The maintenance dredging

 

in approach channel and lagoon for the dredged depth of -18 m 
would be of the order of 7.8 Mcum while for dredged depth of -20 m maintenance dredging 

would be 9.2 Mcum. The annual sedimentation quantities for the intermediate dredged depths 

between -15.4

 

m and -20

 

m may be estimated through suitable interpolation as a first hand 

assessment. 

 

 

7.

  

CONCLUSIONS

 The Mathematical model studies indicate that the currents in the approach channel

decrease as the depth of dredging increases. Currents in approach channel decrease by

7% for additional dredging of 2.6 m

 

and

 

additional dredging of

 

4.6

 

m in approach

channel causes reduction in velocity by 15% as compared to prevailing currents in the

channel.

 

 The model studies also show sedimentation in zone –II and Zone –III is

 

quite high

compared to other two zones.

 The total annual maintenance dredging in proposed deepened depths of -18.0

 

m and -

20.0

 

m in the channel and harbour areas are estimated as 7.8 Mcum and 9.2 Mcum

respectively against the present quantity

 

of 6.2 Mcum.
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Abstract 

The runoff estimation process is extremely complicated, nonlinear, and dynamic in nature which depends on the 
physical factors and meteorological conditions of a basin. Spatial changeability of these components causes more 
vulnerability in the parameterization of the model. Nowadays, with the help of remote sensing and GIS 
technology, it is possible to identify, assess, and understand the response of the dominant processes responsible 
for hydrology of a catchment in a better way. Accurate runoff estimation of a basin is essential for effective 
management and development of water resources of a catchment. In the present study, we have applied the Soil 
Conservation Service Curve Number (SCS-CN) method and Hydrologic Engineering Centre’s Hydrologic 
Modelling System (HEC-HMS) for the estimation of runoff of Machhu River Basin, Gujarat, India. The HEC-
HMS model uses six techniques to simulate rainfall-runoff modelling. In this study, we have used the Initial and 
Constant Rate Method as a loss method to estimate direct runoff component from rainfall events in the HEC-HMS 
model. The SCS-CN method has been used separately to estimate the runoff of the Machhu River basin for the 
comparison of performance with HEC-HMS model. Performance of both the models was evaluated using 
regression analysis and root mean square methods. Regression analysis of rainfall and runoff data indicated that 
R2 values for SCS-CN method is 0.83 and for HEC-HMS Model is 0.85 suggesting good correlation. Root Mean 
Square (RMS) value for observed runoff and estimated runoff was 0.79 for the SCS-CN method and 0.89 for 
HEC-HMS. RMS values indicated that both the methods have shown good performance in predicting runoff 
events in the study area based on the rainfall events. However, performance of HEC-HMS model is better than 
the SCS-CN method. Thus, HEC-HMS model can be applied for the accurate prediction of runoff in other 
catchments also depending on the local geo-environmental and meteorological conditions. 

Keywords: SCS-CN; HEC-HMS; Rainfall; Runoff; GIS; Remote Sensing; Regression Analysis 

1. Introduction

Rainfall-runoff modelling is an integral part of water resources planning and management. Adequate 
knowledge of rainfall-runoff processes is vital to estimate the amount of runoff produced within a given 
catchment. Runoff is one of the most important hydrologic variables used in most of the water resources 
applications. Accurate information on the quantity and rate of runoff from land surface into streams and 
rivers is vital for integrated water resource management. Information on runoff is required to deal with 
many watershed development and management problems (Ihimekpen et al. 2018). The activities to 
estimate runoff volumes and flood peaks can be easily simplified by adopting a modelling concept and 
by understanding rainfall partitioning and the principal factors triggering runoff (Zhang et al. 
2004).Negative impacts of surface runoff such as soil erosion and pollutant transport can be predicted 
by computer models on different temporal and spatial scales (Keesstra, 2007; Keesstra et al., 2009; 
Bisantino et al., 2015; Gessesse et al., 2015; Zema et al., 2016). In spite of the availability of guidelines 
in reference manuals, the use of these models can be practically difficult, particularly in basins with 
peculiar climatic and geo-morphological characteristics, often different from the environments in which 
the hydrological models have been developed. In such contexts, the availability of previous studies, in 
which the models have been successfully used and verified, could simplify the analysis of hydrological 
processes and therefore provide guidelines for watershed management. For example, often the choice 
of the proper hydrological sub-model among methods of different nature (e.g. empirical, physically 
based and conceptual) and complexity can be a time consuming and difficult task (Keesstra, 2007; 
Lieskovský and Kenderessy, 2014; Cao et al., 2015), because reliability of runoff estimations is a 
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prerequisite for predictions of other hydrological (e.g. soil loss and sediment yield) or environmental 
(e.g. pollutant loads) variables. The type of the modelling approach normally depends on the purpose, 
data availability and ease of use (Beven et al. 2012). 

Rainfall-runoff models are often used as a tool for a wide range of tasks, such as modelling of flood 
events, monitoring of water levels during different water conditions or the prediction of floods (Jia et 
al. 2009). There are many methods available for the determination of runoff based on the above factors 
(Subramanya, 2014). Nowadays Geographic Information System (GIS) in conjunction with 
hydrological models is being used for the estimation of runoff. Some of these models which determine 
runoff are HEC-HMS (Hydrologic Engineering Center – Hydrologic Modeling System), SWAT (Soil 
& Water Assessment Tool), TOPMODEL, and WEPP (Water Erosion Prediction Project) (Kishanlal et 
al. 2019, Vishal Kumar et al. 2019, Bitew et al. 2019).  The Soil Conservation Service – Curve Number 
(SCS-CN) is one of the best empirical method of determining runoff of a catchment (Kishanlal et al. 
2019, Ketul et al. 2017, Nidhi et al. 2016.). 

In the case of flood predictions, rainfall-runoff models are very practical because they are even useful 
in the catchments with a limited amount of input data. This paper evaluates the ability of HEC-HMS 
(Initial and constant rate) model and SCS-CN method to predict runoff volumes, peak flows and times 
to flood peaks, and simulate hydrographs of rainfall–runoff events in the Machhu river basin, Gujarat, 
India.  

2. Study Area

Machhu River originates in the hills of Chotila taluka of Surendranagar district at an elevation of 220 
m (m.s.l). The Machhu basin is located between 22° 10’ to 23°10’North latitude and 70° 40’to 
71°15’East longitude. It flows in north westerly direction and debouches near Malia in the little Rann 
of Kachchh. This river with its tributaries flows 52% in the hilly area and 48% in plain region. Total 
length of this river from its origin to its outfall is 141.75 km (https://swhydrology.gujarat.gov.in). Three 
irrigation dams namely Machhu I, II and III are constructed across Macchu River. 

This region is characterized by a semi-arid climate, with warm and dry summers and mild winter 
conditions. The monsoon season is from mid-June to early October. The average rainfall in the Machhu 
River catchment area is 533.5 mm, average maximum temperature is 41° C and average minimum 
temperature is 14° C (http://cwc.gov.in).Land use pattern in the area include agriculture, built-up, forest, 
grass land, waste land and water bodies (Figure.3). Geologically the area is occupied mainly by Deccan 
basalt rocks except in the lower reaches of the river where Dhrangadhra Sandstone is exposed 
(Figure.4).  River valleys are occupied by alluvium. The soil exposed in the catchment area belongs to 
Hydrological Soil group (HSG) C (clayey, clayey skeletal and fine loamy) and B (loamy and loamy 
skeletal) types (Figure 2). 
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Figure 1 Location Map of Machhu Catchment, Gujarat, India 

3. Data Collection and Analysis

Meteorological data of the study area was collected from the State Water Data Center (SWDC) 
(https://swhydrology.gujarat.gov.in), Government of Gujarat and Indian Meteorological Department 
(IMD) (http://www.imd.gov.in/). Thematic maps such as land use land cover, geology, topography and 
soil were prepared from the published literature (https://www.gsi.gov.in/, http://cgwb.gov.in/) of the 
different agencies in conjunction with the interpretation of the Landsat images, Google earth images 
and Aster DEM using remote sensing and GIS technology. Analysis of the data was done in GIS 
software using SCS-CN Method and HEC-HMS models. 
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Figure 2 Soil Map of Machhu River Basin Figure 3 Land Cover Map of Machhu Basin 

Figure 4 Geology Map of Machhu Basin Figure 5 Slope Map of Machhu Basin 
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4. Methodology

Runoff of Machhu basin was estimated using SCC-CN Method and HEC-HMS models.  Methodology 
adopted in this study is summarized as below (Figure 6 and 7): 

Figure 6 Methodology Flow Chart of SCS-CN Model 

Steps of SCS-CN Methodology: 

• Collection of meteorological data from SWDC (State Water Data Centre).
• Generation of soil map and land use map from the satellite images and available data and

reclassification of maps using GIS software.
• Determination of the Hydrological Soil Group (HSG) from soil map, and land use/Landover

map.
• Evaluation of Runoff curve number (RCN) based on HSG and land use/ land cover of area.
• Obtaining the Curve number-II for Machhu Catchment from TR-55 Table. which is 88.
• Estimation of surface runoff using SCS-CN Equations.
• Model calibration and validation using historical rain event.
• Result analysis.
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Figure 7 HEC-HMS Methodology Flow Chart 

Following is a summary of main steps of HEC-HMS methodology adopted in the present study (Figure 
7):  

• Created river basin model from DEM, Land use land cover map, Soil map and Loss method
(Initial and constant) using HEC-geoHMS tool in Arc GIS.

• Created Metrological Model from Observed rainfall data of rain gauges located in the Machhu
basin using HEC-geoHMS.

• Integrated basin and metrological models prepared above in HEC-HMS.
• Inputted time-series Observed rainfall data (Precipitation) in HEC-HMS model.
• Created Control Model to provide simulation data. The principle purpose of Control model is

to control when simulations start and stop, and also time interval of the simulation.
• Created Simulation Runoff model by integrating basin model, metrological model, and control

model.
• Running of the simulation Model.
• Analysis of Result Using HEC-DSS Application to obtain Runoff.

In this study the Hydrologic Engineering Centre - Data Storage System (HEC-DSS) application was 
used to analyses model results for obtaining runoff of the catchment. 

5. Model Results

Average rainfall and estimated runoff of the Machhu River catchment was estimated using SCS-CN 
Method and HEC-HMS models. Following is a summary of the analysis of the results: 
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5.1 Average Rainfall 

Average rainfall is the amount of precipitation that we expect per year. It is obtained and set by 
calculating the average (mean) of precipitation recorded in an area during many years. Annual 
rainfall or precipitation is the sum of daily rainfall in a year. Average rainfall was estimated for Machhu 
basin using Thession polygon and HEC-HMS software by inputting 12 rain gauges daily Rainfall Data 
from 1978 to 2017 into model process. Annual average Rainfall of Machhu basin was calculated by 
sum of daily rainfall in the particular year as shown in figure 8 and 9. Analysis of meteorological data 
of the Machhu River catchment for the period 1978 to 2017 indicated that the average annual rainfall 
differs during this period annually between120 mm in year 1987 and 932 mm in year 2017 as per SCS-
CN method and 47mm in year 1987 and 1058 mm in year 2017 as per HEC-HMS Model. 

Figure 8 Average Annual Rainfall Using Thession Polygon Method 

Figure 9 Average Annual Rainfall Using HEC-HMS Model 

Figure 10 Comparison of Average Annual Rainfall Calculated by SCS-CN and HEC-HMS Model 
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5.2 Estimation of Runoff 

Estimation of Runoff was done using SCS-CN method and HEC-HMS Model and results were 
correlated with the rainfall data. Analysis of the runoff data indicated that that annual runoff during this 
period varies from 0.6 mm in year 1987 to 415 mm in year 2008 as per SCS-CN method and 1 mm in 
year 1987 to 578 mm in year 1988 as per HEC HMS model. Rainfall and Runoff pattern is wavy 
indicating increase and decrease of runoff depending on the amount of rainfall. However, during the 
period 1985 to 1987, negligible to very less runoff has been observed corresponding to the rainfall. This 
might be due to the fact that rainfall during this period was very less (0 to 200 mm), hence most of the 
initial precipitation was absorbed in the ground before starting runoff. This corroborates the study of 
the other workers (Subramanya, 2013).  

Figure 11 Comparison of Rainfall with estimated Runoff obtained from SCS-CN Method 

Figure 12 Comparison of Rainfall with estimated Runoff obtained from SCS-CN

Figure 13 Comparison of estimated runoff obtained from SCS-CN Method and HEC-HMS Model 
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6. Discussion
6.1 Evaluation of Rainfall-Runoff Relation

The relation between precipitation and surface runoff is complicated as it depends on many factors 
linking to the watershed and meteorology. Evaluation of the rainfall-runoff was done by the regression 
analysis. Following equation were obtained by regression analysis for the estimation of runoff (Y) of 
the Machhu catchment for given precipitation (X) (Figure 14,15):  

Y (mm) = 0.4587* X (mm) -101.58 As per SCS-CN Model 

Y (mm) = 0.5396* X (mm) -95.808 As per HEC HMS model 

In this study, R2= 0.82 as per SCS-CN Method and R2= 0.85 as per HEC-HMS Model. These values 
mean that 82% and 95% of the total variation in the estimated runoff data can be correlated with the 
observed rainfall data, thus it can be considered as good correlation. 

Figure 14 Rainfall-Runoff correlation using SCS-CN results of regression analysis: R2 

Figure 15 Rainfall-Runoff correlation using HEC-HMS results of regression analysis: R2 
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6.2 Evaluation of Model Performance 

Performance of the models was evaluated by the regression analysis of the observed and simulated data 
of the runoff at Machhu Dam 1. The coefficient of determination is a measure of how well the regression 
line represents the data. Results of the regression analysis gave the coefficient of determination (R2) 
values equal to 0.79 and 0.89 for SCS-CN Method and HEC-HMS Model, respectively which is a good 
prediction value (0 < R2< 1). It represents the percent of the data that is the closest to the line of best fit. 

Figure 16 Performance evaluation of the SCS-CN Method using Regression method. 

Figure 17 Performance evaluation of the HEC-HMS Model using Regression method. 
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7. Conclusion

The main aim of the study was to evaluate performance of the two well-known hydrological models 
namely SCS-CN and HEC-HMS for the selection of the best simple model for accurate prediction of 
runoff. Machhu River catchment in Gujarat was selected for the model study as it is having good record 
of the hydrological data. Estimated runoff values were compared with the observed values at Machhu 
dam-I. Regression analysis of rainfall-runoff data of the model’s results indicated that both the model 
performed well but the prediction capability of the HEC-HMS Model (R2= 0.89) is the best in 
comparison to SCS-CN Method (R2= 0.79).  

Therefore, HEC-HMS model can be used for the estimation of accurate runoff based on relatively less 
input data requirements thus it is also suitable for data scared regions. Results of this study showed that 
the proposed model performance is good even for medium to large size watershed (> 250 Sq. Km.). In 
the future studies performance of these models would be evaluated by machine learning methods and 
compared with advanced artificial intelligence models.  
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Abstract 

Land use changes makes a significant impact on major components of hydrologic cycle such as precipitation, 

evapotranspiration, infiltration and runoff, which may leads to disasters like extreme flood and drought. In this 

study, we analyzed the stream flow changes over the decades due to change in landuse for a particular climate. 

Rainfall-Runoff modelling is a mathematical representation describing the relation between rainfall and runoff to 

the catchment area which is influenced by the above listed hydrologic componence, topography and soil types. 

SWAT (Soil Water Assessment Tool) is widely used do rainfall-runoff modelling, sedimentation, eco-hydrological 

behavior of the watershed.  SWAT model has been developed to simulate rainfall-runoff for the Vamanapuram river 

basin. The basin was divided into 12 sub-basins using an automated delineation routine with Cartosat DEM as input. 

The model was run with a fixed climate data of 35 years (1981-2015) including 2 years of warm up period (1979-

1980). SWAT-CUP was used to calibrate and validated the model using 1990 LU/LC. The SWAT model has been 

calibrated using monthly data of 20 years for two different land uses (1990, 2000) with observations from the 

Ayilam gauging station. The model with 1990 land use is calibrated for 10 years (1986-1995) and validated for 4 

years (1996-1999). Similarly model developed using landuse map of 2000 is calibrated for another 10 years (2000-

2009) and validated for 3 years (2010-2012). The models yielded satisfactory and reliable results with coefficient of 

determination and Nash-Sutcliffe Efficiency 0.73&0.72, 0.81 & 0.8 for calibration and 0.71 & 0.69, 0.73 & 0.76, 

respectively for validation of two models. The two models show a similar set of fitted parameters. The model again 

run with different years of land uses which is prepared using Landsat imageries with a fixed climate and analyzed 

the average annual change in steam flow over the decades. The land use classes like Built-up, plantation are 

increased, whereas forest and agriculture decreased. There is reasonable increase in stream flow observed between 

the years which was due to deforestation and urban growth 

Keywords: SWAT; SWAT_ CUP; Landuse/landcover change, hydrological modelling 

1. Introduction

Land use/land cover (LULC) changes has considerably altered climate and weather conditions from local 

to global scales. Changes in LULC can also affect biological diversity, contribute to forest fragmentation, 

lead to soil erosion, alter ecosystem services, disrupt socio-cultural practices, and increase natural 

disasters, such as flooding .This calls for global attention for continuous monitoring of the changes. Up-

to-date datasets on LULC change provide critical inputs to evaluate complex causes and responses in 

order to project future trends better, ranging from local, regional, to global scales. Changing LULC and 

climate has also altered land-river ecosystems globally (Cai et al. 2011). These changes affect the 

hydrological cycle and water resource availability (Melih et al. 2013)  by changing the evapotranspiration 

(ET), precipitation, canopy interaction, and topography of a region (Dooge 1992). The quantity and 

quality of surface water in the river in many places have undergone changes due to increasing pressure of 

human activities such as industrialization, agriculture expansion, urbanization, deforestation, and climate 

change. It’s become a critical issue in many countries, especially developing countries like India, since 

there is a concern that fresh water will be a scarce resource in the future. In the current scenario of 

increasing water demand for drinking and agricultural purposes, the effects of changing LULC conditions 

on hydrological processes are attracting the attention of hydrologist and policy makers (De Girolamo et 

al. 2015). The investigation of these effects on the various aspects of stream hydrology has recently 

become imperative for the sustainable development and management of river basins. Modifications in 

streamflow are the prominent hydrological responses to LULC and climate change in a river basin (Yan 

et al. 2013).. Changes in land use types, such as forests, farmlands, and urban settlements, have varying 

hydrological consequences. (Wilson and Weng 2011; Yan et al. 2013; Deng et al. 2015) 
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 Compared with other land use types such as agriculture, grassland, and urban areas, the forest cover 

generally reduces the streamflow (Melih et al. 2013). By contrast, an increased urbanization usually 

increases the high streamflow and reduces the low streamflow because infiltration decreases with an 

increase in the impervious surface (Aichele 2005; Woldesenbet et al. 2016). Recently, Kerala has 

experienced the worst ever floods and some drought conditions. This indicates the importance of current 

and future stream flow variations analysis. Therefore, in this study the impact of land use/ landcover 

change over stream flow for the vamanapuram river basin were analyzed. 

2. Study area

The Vamanapuram river basin is extends between 8°35’ to 8°51’ north latitudes and 76°45’ to 77° 12’ 

east longitudes. The Vamanapuram River forms the prominence of Chemmunji Mottai, located at an 

altitude of 1717m above mean sea level (Manoj and Anilkumar. 2016). The drainage basin is interposed 

between Karamana river system on the south and Kallada river system on the north. The basin is bounded 

by Arabian Sea forms the western margin. The water divide of Tamraparni River in Western Ghats is 

exactly coinciding with the eastern boundary of the Vamanapuram river basin. It is the longest river in 

Thiruvananthapuram district (Manoj and Anilkumar 2016). The river has a total catchment area of 723 

sq.km. The river ranks 16th in catchment area. It has a length of 88 km. Among the forty-four rivers in 

Kerala Vamanapuram ranks 11th in length and 15th in discharge. An interesting peculiarity of the river is 

it is undammed. Around 93.33 percent of the drainage basin lies in Thiruvananthapuram district and only 

9.67 percent is in Kollam. Finally the river empties into Arabian Sea at Muthalapozhi. The study area 

map is given in Figure 1. The basin is characterized by mountain ranges, valleys and steep slopes. The 

climate of the basin is dominated by north-west monsoon and tropical climate with the majority of the 

rain falling during monsoon season (June to September).  Based on National Bureau of Soil 

Survey (NBSS) soil classification system, there are four soil. They are clayey, gravelly clay, loamy and 

sandy. 

Figure 1 Location map of the Study Area 

318



3. Materials and methods

3.1  Database developments 

Satellite RS data used along with GIS provides an excellent alternative methodology to the conventional 

monitoring and mapping techniques. Landsat satellite has been the fundamental instrument for 

monitoring regional land dynamics. The data from the Landsat-5 seven-band Thematic Mapper sensor 

(MSS) in 1990, the Landsat-7 Enhanced Thematic Mapper plus (ETM+) in 2000 and Landsat-8 

Operational Land Imager (OLI) in 2014 and 2018 have been used for this study. All the images used in 

the study are cloud-free images and were obtained from the United States Geological Survey (USGS) 

Landsat archive. The Cartosat DEM of 30m resolution was used for the hydrologic modelling. 
Elevation data were obtained from Cartosat DEM, which has a spatial resolution of 30 m. Daily gridded 

data of precipitation and temperature data for 35 years (1979-2015) were obtained from Indian 

Meteorological Department (IMD). While discharge data is obtained from Central Water Commission 

(CWC) for the Ayilam gauging station. The daily observation of discharge showed that river discharge 

was generally increasing during the wet season, with peak discharge generally occurring in the peak 

monsoons seasons (June-September).  

3.2  Methodology 

LU/LC for four different time steps (1990, 2000, 2014 and 2018) was analysed for Vamanapuram basin. 

The supervised classification method in ERDAS IMAGINE is adopted for the analysis. There are seven 

major LU/LC classes identified in the river basin. They are Water bodies, Built-up, Forest, Grassland, 

Barren land, Scrub/shrub and Agriculture/Plantation. Flow chart representing the methodology shown in 

Figure 2.   

Figure 2 Methodology frame works for Hydrologic Model Setup, Calibration and Validation
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Hydrologic modelling plays an important role in the analysis of water resources subjected to 

climate change, especially when attempting to understand its consequences (Praskievicz and 

Chang, 2009). Arc-SWAT is agriculture based hydrologic model used for the analysis of 

hydrologic scenarios. Pre-processed Digital Elevation Model (DEM) is used for the delineation 

of watershed in Arc-SWAT. We delineated the watershed, streams and fixed the outlets of the 

watershed. Using SWAT, the river basin is characterized into its constituent sub-basins and Hydrologic 

Response Unit (HRU). The HRU is the smallest spatial unit of the model, and the standard HRU 

definition approach lumps all similar land uses, soils, and slopes within a sub basin based upon 

user-defined thresholds. HRU analysis to be done using slope map obtained from the DEM, 

LU/LC map and soil map. After the HRU analysis, we wrote the climatic data such as Rainfall, 

Temperature, Humidity, Solar Radiation, Evaporation and Wind speed for running the SWAT 

model. The results obtained from the model are used for calibration and validation using 

observed data. 

4. Result and discussion

4.1  Land use change 

The variations in the landuses are tabulated in Table 1.  The LU/LC maps of different years indicates that 

the built-up (from 1.8% to 7.57%), scrub from (1.31% to 3.75%) and plantation (from 59.94% to 63.38%) 

increased, whereas forest (from 25.96% to 18.05%) and agriculture (from 9.44% to 5.65%) decreased 

respectively. There is no significant variation in percentage of water bodies and barren land, but both 

shows slight increasing trend. The main land conversion process was from forest to plantation and 

agriculture and plantations to built-up. 

Table 1 Change in area of LU/LC – Vamanapuram basin 

SL No: Class Name 

Area of Classes in different years  (Sq.Km.) 

1900 2000 2014 2018 

1 Water Bodies 4.157 4.872 3.877 4.64 

2 Scrub/ Shrub 8.728 16.871 24.471 27.107 

3 Forest 187.761 167.896 138.873 130.47 

4 Built-up 14.295 27.074 47.18 54.793 

5 Barren Land 6.543 5.838 10.701 7.006 

6 Agriculture 68.301 55.275 51.011 40.872 

7 Plantation 433.583 445.541 447.256 458.48 

Total 723.368 723.368 723.368 723.368 

The land use maps of the Vamanapuram  river Basin for  different years  1990, 2000, 2014 and 2018 are 

shown in the Figure 3. The blue colour represents the water body, which has no considerable changes 

over the decades. Light green and dark green indicates plantation and forest areas. From the Figure, one 

can find that some of the forest areas are converted in to plantation. The red coloured area representing 

built up considerably increased over the decades, shows the urbanisation over the plantation and 

agriculture lands. The yellow colour agriculture field mainly includes the paddy fields. 
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Figure 3 Landuse/ Land cover Maps of Vamanapuram River basin 

4.2 Model Development, Calibration, validation and sensitivity analysis 

A Soil water assessment tool (SWAT), hydrological model was run for a period of 37 years (01/01/1979 

– 12/31/2015) including warm up period of 2 years using the CARTOSAT 30m DEM, LULC - (1990,

2000, 2014& 2018), NBSS soil map and IMD Meteorological data. The model was calibrated and

validated to assess the impact of change in LULC and climate over the years. The model is calibrated to

river gauge station (CWC Station Ayilam) in sub-basin-5 of Vamanapuram basin. The calibration of the

entire date is carried out by developing two models i) SWAT model with 1990 LU/LC map for the period

1985-1998 and ii) SWAT model with 2000 LU/LC map for the period 1999-2012. The swat model with

1990 land use is used for the calibration of first 10 years (1985-1995), which is then validated for next 3

years (1996-1998). The SWAT model for 2000 land use map is used for the calibration of second set of

10 years (1999-2009) data, and then validated for next 3 years (2010-2012). In the second model, due to

the unavailability of observed stream flow data in non-monsoon season, calibration and validation is done

only using monsoon flow data. The comparison between the simulated and observed flow during the

calibration (01/01/1985 - 1/12/1995), and (01/06/1999-01/11/2009) are presented in the Figure 4 &

5, respectively. The fitted values and ranks of sensitive parameters for stream flow are listed in the

Table 2. The most sensitive parameter for stream flow is Initial SCS CN II Value followed by

Threshold depth of water in the shallow aquifer required for return flow to occur (mm H2O)  and other

parameters.
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Table 2 The fitted values and rank of the sensitive parameters for stream flow simulation.

Parameter Name Description fit values t-stat p-value

r__CN2.mgt Initial SCS CN II Value 0.103 78.01 0.00 

v__GWQMN.gw 

Threshold depth of water in the shallow 

aquifer required for return flow to occur 

(mm) 

2538.340 -20.02 0.00 

r__SOL_AWC().sol Available water capacity of soil layer 0.549 -5.25 0.00 

r__SOL_K().sol 
Saturated hydraulic conductivity 

(mm/hr). 
-0.138 6.52 0.00 

v__GW_REVAP.gw Groundwater "revap"coefficient. 0.177 -13.06 0.00 

a__RCHRG_DP.gw Deep aquifer percolation factor 0.831 18.18 0.00 

v__GW_DELAY.gw Ground water delay (Days) 456.907 -2.83 0.00 

a__ESCO.hru Soil evaporation compensation factors 0.173 2.66 0.01 

v__EPCO.bsn Plant uptake compensation factor. 0.405 1.71 0.09 

v__ALPHA_BF.gw Base flow alfa factor 0.200 1.57 0.12 

v__REVAPMN.gw 
Threshold depth of water in the shallow 

aquifer for "revap" to occur (mm). 
291.721 1.16 0.25 

r__USLE_K().sol USLE equation soil erodibility (K) factor 0.605 -1.03 0.30 

r__SOL_ALB().sol Moist soil albedo. 0.003 0.86 0.39 

r__SOL_BD().sol Moist bulk density (Mg/m3or g/cm3). 0.164 0.77 0.44 

v__SURLAG.bsn Surface runoff lag time 12.716 -0.30 0.76 

Note: (r) is the existing value that is multiplied; (v) is the existing value that is replaced by the given value. 

There is good agreement between the observed and the simulated stream flow. The agreement was 

shown by Nash-Sutcliffe efficiency (NSE), NSE = 0.70, R2 = 0.73 and PBIAS = 19.6, NSE = 0.73, 

R2 = 0.81 and PBIAS = 21.9 for the first and second model, respectively in the calibration period. 

Similarly validation is done for a period (01/01/1996 – 1/12/1998) and (01/01/2010 – 31/12/2012) 

which is presented in the Figure 5 & 6. The agreement shown by Nash-Sutcliffe efficiency (NSE), 

NSE = 0.69, R2 = 0.70. From the Figure, we can observe one of the limitations of this model that 

SCS curve number method is used in the estimation of the runoff for this continuous model. So some 

peak flow simulated is not merging with the observed flows.  
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Figure 4 Comparison between the observed and simulated monthly stream flow values for calibration 

and validation periods (1985-1998) 

 Figure 5 Comparison between the observed and simulated monthly stream flow values for calibration 

and validation periods (1999-2009) 
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4.3 Impact of LULC change on stream flow at sub-basin scale 

Figure 6 Change in stream flow over different landuses 
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The changes in spatial variation of the stream flow from 1990 to 2018 land uses are shown in Figure 

6. The Figure shows the sub basin wise stream flow variation due to the land use/ land cover changes.

The change in flow values are increased from yellow to blue. The change in flow is increased to the 

sub basins near to the coastal areas because the flows from the other sub basins are accumulated to the 

sub basins near to coastal sides, the maximum flow change of 1.25m3/s in 2018. Figure 7 shows the 

Mean monthly percentage change and seasonal variations of the flow 

Figure 7 Seasonal and mean monthly Change in surface Runoff due to LULC change 

Deforestation, decrease in agriculture land as well as plantation and urban area expansion from 1990 -

2018 increases surface runoffs at most of the sub-basin in the Vamanapuram basin. Especially along 

the river courses and city side, the urban expansion increased almost 4 times over these years. Though 

these changes lead to rise in stream flow, most of the sub-basins show no significant change in surface 

runoff. During Monsoon and summer, the percentage change in stream flow observed is an increasing 

trend while during the winter season it is decreasing. The annual flow is increased by 6 percentage in 

the end of 2018 as compared to the stream flow values of 1990. 
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4 Conclusions 

The study analyses the long-term changes occurred in LU/LC in Vamanapuram basin and its 

subsequent impact on the streamflow using a hydrological model, SWAT. The major changes in the 

LU/LC is increase in built-up from 1990 to 2018  by  5.60%  of total catchment area, which almost 4 

times the earlier built up area, increase in Plantation by 3.44 % of the total basin area, which is mainly 

due to the conversion of forest and agriculture to plantation. Forest is converted in to different land 

uses such as plantation, built-up, barren etc. Thus, the forest area is decreased by 7.92 percentage of 

the total basin area. Agriculture land is also reduced by 3.79 percentages of the total basin area, which 

is mainly converted in to built-up and plantation. Therefore, the major reasons of stream flow 

variations are the urban growth and deforestation. Due to this changes stream flow values are 

gradually increased from the year 1990 to 2018. It shows an annual increase of 3.2%, 3.5%, and 

5.59% of the entire basin flow in the years of 2000, 2014, 2018 respectively. Monsoon flow shows the 

maximum increase of 8% of the total flow whereas its decreased by 8.2% in winter. While analysing 

the mean monthly flow variations April to November shows an increasing trend and December to 

February shows the decreasing trend. April shows the maximum increasing variation of 16.56 

percentages as compared to the earlier flow in that month. Maximum decrease in stream flow is 

observed in January, 20%. The study shows change in streamflow due to landuse change in last 40 

years.  

5 References 

Aichele SS (2005) Effects of urban land-use change on streamflow and water quality in Oakland County, 

Michigan, 1970–2003, as inferred from urban gradient and temporal analysis. US geological survey scientific 

investigations report 2005-5016 

Tao C, Chen X L, Lu J Z, Gassman P W, Sabine S, José-Miguel S P. Assessing impacts of different 

land use scenarios on water budget of Fuhe River, China using SWAT model (2015). International 

Journal of  Agricalural and  Biological  Engineering,8(3): 95－109. 
Cai T, Li Q, Yu M, Lu G, Cheng L, Wei X (2011) Investigation into the impacts of land-use change on sediment 

yield characteristics in the upper Huaihe River basin, China. Physics and Chemistry of the Earth, 53–54,1–9 

Dooge JCI (1992) Hydrologic model and climate change.  Journal of Geophysical  Research  97(D3):2677–

2686 

Manoj G., Anilkumar R (2013) Analysis of Morphometric Characteristics of Vamanapuram River Basin, 

Kerala,International Journal of Science and Research ISSN (Online): 2319-7064  Volume 5 Issue 10  

Melih O, Nadim KC, Ali KS (2013) Modeling the impact of land use change on the hydrology of a rural 

watershed. Journal of Hydrology  J Hydrol 497,97–109 

Melih O, Nadim KC, Ali KS (2013) Modeling the impact of land use change on the hydrology of a rural 

watershed. Journal of Hydrology  497,97–109 

NBSS&LUP (1996) National Bureau of Soil Survey and Land Use Planning Indian council of Agriculture 

Reaserch,Nagpur 

Rakesh Kumar Sinha , Eldho, T. I.  (2018) Effects of historical and projected land use/cover change on runoff 

and sediment yield in the Netravati river basin, Western Ghats, India, Environmental Earth Sciences  77,111 

Sarah Praskievicz, Heejun Chang (2009) A review of hydrological modelling of basin-scale climate change and 

urban development impacts, Progress in Physical Geography: Earth and Environment,33 , 650-671 

Yan B, Fang NF, Zhang PC, Shi ZH (2013) Impact of land use change on watershed stream flow and sediment 

yield: an assessment using hydrologic modeling and Partial least regression. Journal of Hydrology  484,26–37 

326



Relative performance of continuous and event-based hydrological models 

for Dharoi catchment of Sabarmati basin in India. 

Alka Sharma1, P. L. Patel2 

1 Senior Research Scholar, Department of Civil Engineering, Sardar Vallabhbhai National Institute of 

Technology Surat, Surat - 395007, India. 
2 Professor, Department of Civil Engineering, Sardar Vallabhbhai National Institute of Technology Surat, 

Surat - 395007, India. 

Email: alka.gsit08@gmail.com,  premlalpatel1966@gmail.com 

Abstract 

In present work, event-based and continuous rainfall-runoff models are developed for Sabarmati river basin at 

Dharoi catchment (5285.9 km2) using HEC-HMS 4.3 with gridded rainfall input at 0.25° × 0.25°  spatial 

resolution. The SRTM DEM (30 m) was used to delineate the sub-basin and physical properties were estimated 

using HEC-GeoHMS. The developed models utilize Soil Conservation Service Curve Number (SCS CN) and Soil 

Moisture Accounting (SMA) loss method for the computation of runoff volume, SCS unit hydrograph for the 

computation of peak runoff rate and Muskingum routing method for the flow routing. The event-based hydrologic 

model using SCS CN method gave satisfactory results, and it is found that curve number, Initial abstraction and 

Muskingum “K” are the most sensitive parameters of the study area. Further, it is observed that curve number has 

been found to be higher and Muskingum “K” is lower for wet year as compared to normal and dry years for event-

based hydrologic model. The results indicated that NSE values for Dharoi catchment was in the satisfactory range 

of 0.58-0.72 and 0.65-0.74 during calibration and validation periods respectively. The coefficient of determination 

(R2) and percent error in volume (PEV) of the predicted model were found to be satisfactory. 

The calibration results of continuous modelling using SMA loss method shows that the parameters related to soil 

and groundwater are the most sensitive parameter, whereas, the parameters related to baseflow (i.e., GW2) as well 

as lag time are found to be the least sensitive. The continuous model for Dharoi catchment using SMA was 

calibrated for years 2009 and 2011 and validated for year 2013. The results indicated that NSE values for Dharoi 

catchment is in the satisfactory range of 0.65-0.72 and 0.71 during calibration and validation periods respectively. 

The coefficient of determination (R2) and percent error in volume (PEV) of the predicted model were found to be 

good.  The results have been found to be satisfactory and can be improved by considering the data of larger number 

of years for calibration period. 

Keywords: Rainfall, SCS-Curve Number, Runoff, Sabarmati basin. 

1. Introduction

The problem of water shortages and poor water management is common concern in semi-arid and arid 

regions that affects the economic development and growth of a particular area. The complete 

understanding of hydrologic processes is important to manage the water resources of any watershed. 

Rainfall-runoff (RR) models are found to be one of the extensive tools for the effective estimation of 

runoff values and groundwater recharges from a rainfall events (Duhan and Kumar 2017). 

The RR models account for various components including surface, sun-surface, groundwater 

atmospheric and other hydrologic processes. While developing the RR model, infiltration plays very 

important role in flood estimation. The developed RR model in the present study uses Soil and 

Conservation Service curve number (SCS-CN) method for event-based hydrologic modelling and Soil 

Moisture Accounting (SMA) method for continuous hydrologic modelling. The advantage of using 

SCS-CN loss method is consideration of initial soil moisture condition in the catchment. While, on 

other hand, SMA method accounts for various components of the water cycle which includes canopy 

interception, depression storage, vertical movement of water into the soil profile, percolation to the 

groundwater layer and lastly the baseflow. The SMA method accounts for moisture balance in soil over 

long period of time in basin for simulating the stream flows.  
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Many authors have suggested the application of the model developed using HEC-HMS for simulating 

runoff in different watershed across the globe (Cheristopher and Yung 2001; Foddy el al. 2004; Fleming 

and Neary 2004; Yusop and Chan 2007; Arbind and Mahana 2010). Only in some studies authors have 

presented the relative performance of event-based and continuous hydrologic model for the estimating 

the streamflows using HEC-HMS (Boughton and Droop 2003). HEC-HMS models are also used in the 

estimation of early detection of floods in many parts of the world by coupling the atmospheric models 

with geo-informatics (Beighley et al. 2003; Knebl et al. 2005; Camoreni et al. 2005; Hu et al. 2006; 

Yusop et al. 2007; Ali et al. 2011; Du et al. 2012; Shahedi 2012; Halwatura and Najjim 2013; Majidi, 

Sanyal et al. 2014).  

The focus of the present study is to develop an event-based and continuous hydrologic model by using 

Hydrologic Engineering Center’s Hydrologic Modelling System (HEC-HMS) (USACE-HEC 2006). 

This approach has been applied to the Dharoi catchment of Sabarmati basin, India. The response of the 

basin for an individual rainfall event is evaluated in event-based hydrologic modelling using (SCS-CN) 

method while the long-term effect of many rainfall events is analysed in continuous hydrologic 

modelling using (SMA) method. To identify the relevant parameters and hydrologic processes, 

occurring in the basin, event-based hydrologic models play very important role and helpful in estimation 

of surface runoff, peak time and detention storages. On the other hand, continuous hydrologic modelling 

is very useful in gathering the information for both dry and wet seasons of the year.  

The Hydrologic Modelling System (HEC-HMS) is "next generation" software for rainfall-runoff 

simulation (Scharffenberg and Feldman 2000). In this study, HEC HMS 4.3 have been used. Basin 

model in HEC-HMS consist of three processes, i.e., the loss, the transform and the routing. It simulates 

surface runoff response of the catchment by understanding each hydrologic and hydraulic component. 

It can be used in lumped parameter-based modelling and semi-distributed parameter-based modelling. 

These models are helpful in the study of flood warning system, stream restoration, urban flooding, flood 

frequency, etc.  

Due to climate change, urbanization and deforestation, flash floods are very common occurring problem 

in many regions. In the upstream of Sabarmati river, two major dams have been constructed. Dharoi is 

the one which lies in the main river, and the other is on the tributary of Watrak river. The release from 

these dams affects the downstream part of the catchment. In Aug 2017, the release from Dharoi 

Dam was approx. 3,700 m3/s, thus submerging the lower walkway of Sabarmati 

riverfront in Ahmedabad (https://www.deshgujarat.com). In the present work, an attempt has been 

made to simulate the rainfall-runoff processes of Dharoi catchment of Sabarmati river basin, India using 

HEC-HMS. 

2. MATERIAL AND METHODS

2.1 Study area 
One of the major west flowing rivers of India is Sabarmati river which originates at an elevation of 762 

m from Aravalli hills of Rajasthan in village Tejpur in Udaipur and after travelling 370 km meets the 

Gulf of Cambay in Arabian Sea. The total catchment area of the basin is 30,674 km2 that is shared by 

Rajasthan (19%) and Gujarat States (81%). The basin lies between 70° 58' E to 73° 51' E and 22° 15' N 

to 24° 47' N. Sabarmati basin covers Sirohi, Dungarpur, Udaipur, Pali and districts of Rajasthan and 

Ahmedabad, Sabarkantha, Gandhinagar, Kheda, Banaskantha and Mahesana districts of Gujarat in the 

east of the Sabarmati River basin. Many dams and reservoirs are located in Sabarmati and its tributaries. 

The location of Dharoi dam lies in the main river while other dams namely Guhai, Harnav, Hathmati, 

Guhai, Meshwo pick-up weir, Watrak and Mazam dam are located in the tributaries of the river. Dharoi 

dam is located in the northern part of the Sabarmati River basin. Catchment area of Dharoi catchment 

is 5,285.9 km2, of which 2,640 km2 area is covered by Gujarat state and rest part is covered by Rajasthan 

state. The Sabarmati basin is hilly in nature from where it originates upto Dharoi catchment after which 

the river flows mostly in plain terrain. The mean annual rainfall of Dharoi catchment is 645 mm. Most 

of the rains occur during monsoon season from June to September. The catchment is mainly covered 
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by agricultural and forest lands. It has total two stream gauging stations, i.e. Jotasan and Kheroj. Index 

map of Dharoi catchment is shown in Figure 1. 

Figure 1 Dharoi catchment index map 

2.2 Data Acquisition 

Results obtained from any hydrologic models are purely based on given input data. Table 1 shows the 

data source used in this study. The daily gridded rainfall data set of 0.25° × 0.25° spatial resolution of 

Dharoi catchment is taken for the analysis in the present study for the years 2000 to 2013 provided by 

Indian Meteorological Department (IMD) Pune. Dry, wet, and normal years are classified as suggested 

by Yoo (2006). The characterisation of wet and dry years were calculated using mean and standard 

deviation (SD) of the annual precipitation  

Table 1 Data source 

Input Data Data Source 

Topography 
Shuttle Radar Topography Mission, Digital elevation model 

(SRTM DEM) 30 m resolution (https://earthexplorer.usgs.gov/) 

Precipitation 
High spatial resolution of 0.25 × 0.25 daily gridded rainfall 

data set - India Meteorological Department (IMD) 

Land use / Land cover 
(https://earthexplorer.usgs.gov/) 

(30 m resolution) 

Soil Types FAO – UNESCO soil map of the world 

Temperature 
Daily temperature data set- India Meteorological Department 

(IMD) (1 × 1 spatial resolution) 

Potential Evapotranspiration (PET) Data 
Monthly data set - Climate Research Unit (CRU) 3.20 dataset 

(0.5 × 0.5 ) 
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. If annual basin rainfall is more than 𝑃 𝑚𝑒𝑎𝑛+ 0.75*(SD), it can be classified as wet year, if it is less

than 𝑃 𝑚𝑒𝑎𝑛– 0.75*SD, it can be classified as dry year and the one which lies in between (𝑃 𝑚𝑒𝑎𝑛+

0.75*SD) and (𝑃 𝑚𝑒𝑎𝑛 – 0.75*SD) can be considered as normal year. (Yoo, 2006). The time series of

inflow into Dharoi reservoir were collected from Dharoi dam office, Mehsana. The tool used in the 

present study is HEC-HMS 4.3 downloaded from USACE website 

http:www.hec.usace.army.mil/software/hec-hms. According to the soil map classification, sandy loam, 

silt loam and loam type of soil are present in study area. 

2.3 Methodology 

2.3.1 SCS-CN curve number (Loss method) 

The Soil Conservation Service (SCS) of USA (1969) developed SCS-CN method which is simple and 

useful for estimating the storm runoff in the basin and is based on storm rainfall depth. It depends upon 

soil cover, land use, and antecedent moisture condition. In HEC HMS, one of the loss methods is SCS-

CN method which is used is this study for event-based hydrologic modelling. Determination of initial 

abstraction which is one of the required inputs in HEC-HMS for any basin can be find by using Eq. 1 

and Eq. 2. 

𝑷𝒆 =
(𝑷−𝑰𝒂)𝟐

𝑷−𝑰+𝑺
 (𝟏) 

Where, 𝑃𝑒 = accumulated precipitation (mm) excess at time t, 𝐼𝑎 = Initial abstraction (mm)

𝑃 = accumulated rainfall depth at time t, 𝑆 = potential maximum retention (mm) 

The SCS also developed an empirical relationship of 𝐼𝑎 and 𝑆 

 𝑰𝒂 =  𝟎. 𝟐 𝑺  (𝟐) 

One important relation between potential maximum retention and watershed characteristics through 

curve number parameter (CN) is given in Eq. 3.  

 𝑺 =
𝟐𝟓𝟒𝟎𝟎 − 𝟐𝟓𝟒𝑪𝑵

𝑪𝑵
 (𝟑) 

2.3.2 SMA method (loss method) 

The SMA method considers different storages above and below the land surface for simulating the 

current volume of the water/moisture present in the land surface. The five different storages are canopy 

storage (includes the precipitation which gets intercepted by grasses trees and shrubs that does not even 

reached to the soil surface), surface storage (water available in shallow surface depressions), soil storage 

(water stored in few inches of the soil), and two groundwater layers (which represent baseflow and 

interflow). 

2.3.3 Transform method and Routing method 

In this study, SCS unit hydrograph method is used to transform the rainfall excess into 

direct runoff and Muskingum routing method was utilized to generate discharge 

hydrograph at downstream point in channel. 
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2.3.4  Delineation of Catchment 

The study area was delineated using SRTM, DEM in HEC-GeoHMS 10.2, and sub-basins have been 

generated. The raw DEM was pre-processed in ARC-HYDRO platform in ARC-GIS 10.2.  The number 

of sub-basins created during the process of watershed delineation purely depends on the user defined 

threshold value while processing catchment delineation. Methodology adopted in the present study is 

shown in Figure 2 for event-based and continuous hydrologic modelling using HEC-HMS.   

Figure 2 Methodology adopted for present study 

2.3.5 Parameter estimation 

The parameters required for the SCS-CN method and SMA method were calculated using slope map, 

land-use land-cover (LULC) map and soil map. The different storages layer in SMA method includes 

canopy storage, surface depression storage, soil profile storage, upper groundwater layer, and lower 

groundwater layer storages. The maximum canopy storage in HEC-HMS is calculated from LULC map 

in GIS platform. The second storage i.e. surface depression storage represent that water which is stored 

in shallow surface depressions. When this storage becomes saturated, surface runoff starts. This 

parameter is calculated by using the Table 2 of standard depression storage given by Bennet (1998). 

The maximum amount of water present in the soil is its saturated hydraulic conductivity which is 

calculated using the Table 3 (Rawls et al. 1982). The parameter related to upper groundwater storage 

(GW1) (interflow) and lower groundwater storage (GW2) (baseflow) are GW1 and GW2 storage depths 

and storage coefficient which is calculated from analysis of stream flow recession curve of the past 

inflow observation. 

Table 2 Standard depression storage (Bennet 1998) 

Description Slope (%) Surface Storage (mm) 

Paved Impervious Areas NA 3.18-6.4 

Flat, Furrowed Land 0-5 50.8 

Moderate to Gentle Slopes 5-30 6.35-12.70 

Steep, Smooth Slopes >30 1.02 

Data 
collection

SRTM DEM

Watershed delineation

Satellite Image

LULC

Estimation of Curve 
Number/ SMA 

Parameter estimation

Modelling in HEC HMS

(Event-based and 
continuous )

Calibrating the 
parameters using auto 
calibration and then 
adjustment of values

Soil map Meteorological data

Rainfall 

and Temperature

331



Table 3 Soil texture and properties (Rawls et al. 1982) 

Soil Texture Porosity, cm3/cm3 Saturated hydraulic conductivity 

(cm/hr) 

Sandy 0.437 7 21 

Loamy sand 0.437 6.11 

Sandy loam 0.453 2.59 

Loam 0.463 1.32 

Silt loam 0.501 0.68 

Sandy clay loam 0.398 0.43 

Clay loam 0.464 0.23 

Silty clay loam 0.471 0.15 

Sandy clay 0.43 0.12 

Silty clay 0.479 0.09 

Clay 0.475 0.06 

2.3.6 Evaluation criteria for model performance 

The goodness of fit and efficient model performance can be quantified by using statistical indices. In 

this study, Nash Sutcliffe efficiency (NSE), coefficient of determination (R2) and percent error volume 

(PEV) are used to evaluation the model. Criteria for good model performance is given in Table 4. 

𝑵𝑺𝑬 = 𝟏 −
{∑ (𝑸𝒎 − 𝑸𝒔)𝒊𝒊 }𝟐

∑ (𝑸𝒎,𝒊 − �̅�𝒎)𝒊
𝟐

 (𝟏) 

𝑹𝟐 =
{∑ (𝑸𝒎,𝒊−�̅�𝒎)(𝑸𝒔,𝒊−�̅�𝒔)𝒊 }

𝟐

∑ (𝑸𝒎,𝒊−�̅�𝒎)𝒊
𝟐

∑ (𝑸𝒔,𝒊−�̅�𝒔)𝒊
𝟐  (2) 

𝑷𝑬𝑽 =
𝒗𝒐𝒍𝒐−𝒗𝒐𝒍𝒄

𝒗𝒐𝒍𝒐
× 𝟏𝟎𝟎  (3) 

𝑄𝑚  and 𝑄𝑠   are the measured and simulated peak flow rates, respectively. 𝑣𝑜𝑙𝑜 and 𝑣𝑜𝑙𝑐 are the measured

and simulated volumes, respectively. 

Table 4 General performance ratings for recommended statistics (Moraisi et al. 2007) 

3. RESULTS AND DISCUSSIONS

A semi-distributed model has been developed using HEC-HMS 4.3 to predict the inflow into Dharoi 

reservoir. Input parameters required for rainfall runoff modelling in HEC-HMS have been prepared 

with the help of Arc GIS and HEC-GeoHMS (GIS pre-processor for HEC-HMS coupled with ESRI’s 

ArcView GIS Program). The runoff volume has been computed for event-based hydrologic modelling 

and continuous hydrologic modelling using SCS-CN method and SMA method respectively. For 

computation of peak runoff and flow routing, SCS unit hydrograph and Muskingum routing methods 

were chosen for both event-based hydrologic modelling and continuous hydrologic modelling. The 

calibration of HEC-HMS model is developed for Dharoi catchment using the measured discharges at 

Performance Rating NSE PEV 

Satisfactorily 0.5-0.7 ± 15 to ± 25 

Good 0.7-0.8 ± 10 to ± 15 

Very Good 0.8-1 ≤ ± 10 

332



Kheroj stream gauging station. The model was successfully calibrated and validated for both event-

based and continuous hydrologic modelling. 

3.1 Calibration and validation of hydrologic model 

3.1.1 Event-based hydrologic model 
The calibration of HEC-HMS model has been undertaken using gridded rainfall data and measured 

discharge at Kheroj and inflows into Dharoi reservoir. Accordingly, the sets of parameters were 

determined for validation years. Initially, parameters values were assigned based on land-use land-

cover, soil type, digital elevation model and channel characteristic within the basin. The model was 

calibrated using optimization method. The objective function utilised in the present work is weighted 

root mean square error. For minimization of the objective function, univariate search algorithm is used. 

Manual calibration is also used to obtain optimized parameters in the study. 

The values of optimized parameters obtained after calibration using SCS CN loss method for event-

based hydrologic modelling are given in Table 5. Curve number, Initial abstraction and Muskingum 

“K” were found to be most sensitive parameters. It is observed that curve number is more and 

Muskingum “K” is less for wet year as compared to normal year and dry year. The flow observed in 

wet and normal years are more comparable to dry years, results more runoff and thus value of “K” is 

found to be less. 

Table 5 Optimized Parameters of Dharoi catchment using SCS CN method 

Year 
Average curve 

number 

Initial 

abstraction (mm) 

K 

(hr) 

Lag time 

(min) 
x 

Dry year 55 58 4.7 166.1 0.2 

Normal year 62 35 4 166.1 0.2 

Wet year 72 20 3 166.1 0.2 

Table 6 Model Performance Indicators of Dharoi catchment for Event-based model 

3.1.2 Calibration and validation of continuous hydrologic model  

The calibration of the parameters of the model was conducted using stream flow data for years 2009, 

2012 and 2013. In beginning, auto-calibration in HEC-HMS was chosen and then the optimized 

Classification Year 

Observed 

peak 

discharge 

(m3/sec) 

Computed 

peak 

discharge 

(m3/sec) 

PERFORMANCE INDICES 

R2 NSE 
Percent error 

in volume 

Dry year 

2000 (Calibration) 112.1 70.5 0.69 0.67 -5.50

2002 (Calibration) 37.1 38.2 0.74 0.72 20.1 

2004 (Calibration) 94.6 112.9 0.62 0.61 16.1 

2008 (Validation) 15.4 11.1 0.64 0.65 14.2 

Normal year 

2001 (Calibration) 612.3 627.5 0.66 0.64 22 

2003 (Calibration) 237.6 237.4 0.68 0.68 4 

2005 (Calibration) 1137.6 1041.4 0.62 0.60 21 

2012 (Validation) 1237.7 1032.8 0.74 0.74 16 

Wet year 

2006 (Calibration) 4384.1 3943.7 0.73 0.72 4.1 

2010 (Calibration) 1401.6 1218.9 0.61 0.58 22 

2011 (Validation) 1467.5 1284.4. 0.67 0.66 -23
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parameters are further calibrated manually to get the best parameter value. The values of optimized 

parameters obtained after calibration are given in Table 7 which shows that parameters related to soil 

and groundwater are most sensitive parameters. The value of the parameter GW1 storage which 

represents the total storage in the upper groundwater layer has been found to be 238.3 mm. The average 

time taken for transforming water in storage to become lateral flow i.e. interflow has been found to be 

approx. 8 days as indicated by the parameter GW1 storage coefficient.  The performance of the model 

is given in Table 8. 

Table 7 Optimized Parameters of Dharoi catchment using SMA method 

Parameters Value Parameters Value 

Initial soil moisture % 40 Groundwater 1 Storage (mm) 83.3 

Optimized value 30 Optimized value 238.3 

Initial Groundwater 1 moisture % 58.3 Groundwater 1 Storage Coe. (hr) 136.3 

Optimized value 55.3 Optimized value 206.7 

Initial Groundwater 2 moisture % 66.6 Groundwater 1 Percolation (mm/hr) 0.1 

Optimized value 43.33 Optimized value 0.367 

Max Infiltration (mm/hr) 9.78 Groundwater 2 Storage (mm) 0 

Optimized value 8.1 Optimized value 0 

Soil Storage (mm) 569.4 Groundwater 2 Storage Coe. (hr) 0 

Optimized value 601.7 Optimized value 0 

Tension Storage (mm) 355.1 Groundwater 2 Percolation (mm/hr) 0 

Optimized value 340 Optimized value 0 

Soil Percolation (mm/hr) 0.1 Lag time (min) 154.6 

Optimized value 0.33 Optimized value 154.6 

Table 8 Model Performance Indicators of Dharoi catchment (Continuous model) 

The evaluation criteria (NSE > 0.5), given by Moriasi et al. (2007), suggests that model performs 

reasonably well when NSE is greater than 0.5. The results indicated for both event-based and continuous 

hydrologic modelling that NSE values for Dharoi is in the satisfactory range of 0.58-0.72 and 0.65-0.74 

during calibration and validation periods respectively. The coefficient of determination (R2) and percent 

error in volume (PEV) of the predicted model is found to be good.  

(a) The results of calibration and validation of both event-based and continuous hydrologic model

has been found to be good for outlet location i.e. Dharoi reservoir, as NSE is greater than 0.5

(Moriasi et al. 2007).

Year 

Observed peak 

discharge  

( m3/sec ) 

Computed 

peak discharge 

(m3/sec) 

PERFORMANCE INDICES 

R2 NSE Percent error in volume 

2009 (Calibration) 625.8 590.7 0.71 0.70 -5.50

2012 (Calibration) 1237.1 1041 0.62 0.61 16.1 

2013 (Validation) 1329.2 1414.8 0.64 0.65 14.2 
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(b) Curve number and Muskingum “K” was found to be most sensitive parameters. It is observed

that curve number is more and Muskingum “K” is less for wet year as compared to normal year

due to more runoff in wet and normal years.

(c) The values of optimized parameters obtained in continuous hydrologic modelling using SMA

loss method shows that parameters related to soil and groundwater storages are most sensitive

parameters. The value of the parameter GW1 storage which represents the total storage in the

upper groundwater layer has been found to be 238.3 mm. The average time taken for

transforming water in storage to become lateral flow i.e. interflow has been found to be approx.

8 days is indicated by the parameter GW1 storage coefficient.

4 CONCLUSIONS 

(a) Land use land cover classification results shown that agriculture and forest is very dominating

in study area.

(b) According of FAO soil, most part of the basin is covered by hydrologic soil group “C” i.e.

sandy loam soil which possesses moderate high runoff potential.

(c) Event-based hydrologic model using SCS-CN method gave satisfactorily result. It has been

found that curve number, Initial abstraction and Muskingum “K” were found to be most

sensitive parameters.

(d) It is also observed that curve number is more and Muskingum “K” is less for wet year as

compared to normal year and dry year for event-based hydrologic model.

(e) Results of calibrated continuous hydrologic model shows the value of the parameter GW1

storage and GW1 storage coefficient are the most sensitive parameters.

(f) The results indicated that NSE values, coefficient of determination and percent error in

volume (PEV) for the predicted hydrologic models of Dharoi catchment is found to be good

during calibration and validation periods respectively.

(g) The runoff prediction of continuous hydrologic model can be improved by calibrating more

number of years to fix the parameters for good result.

(h) To compute the peak runoff rate, SCS unit hydrograph has been used with both the loss

methods and gave satisfactorily results.

(i) To improve the results, finer rainfall as well as runoff data can be taken.
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ABSTRACT 

Water availability is a major concern for a proper water resource planning. There have been remarkable 

advancements in numerical modelling of hydrological processes at catchment scale with the use of remote sensing, 

Geographic Information system (GIS) tools etc. In the present study, the outflows from Burhanpur sub-catchment 

in Upper Tapi Basin are simulated by developing a lumped conceptual hydrological model using MIKE 11 NAM. 

The hydrologic model was calibrated based on minimization of percentage of water balance (% WBL) and root 

mean square error (RMSE) using the observed streamflow data of Burhanpur stream gauging station during the years 

1993-1996. The multi-objective function here has been calibrated using global optimization algorithm, i.e. Shuffle 

Complex Evolution algorithm. The calibrated value of maximum surface storage and the coefficient of overland 

flow was found to be high due to large forest cover and steep slope of the catchment respectively. The model 

performance was evaluated using statistical performance indices. The simulated results show that the NAM model 

can simulate hydrographs satisfactorily with NSE (0.854-0.797), RMSE (295.626-383.611) m3/s and WBL (1.0-

1.2) % at daily time scale. Thus, the NAM model can be useful for the prediction of outflows at Burhanpur sub-

catchment. 

Keywords: Hydrological Model; Water balance; Shuffle Complex Evolution algorithm; Maximum surface storage; 

Coefficient of overland flow; MIKE 11 NAM 

1. Introduction

In this scenario of droughts, flooding and water overuse, the significance of water resource management 

is rapidly growing. Water, which was an abundant resource once, need to be managed in a sustainable 

manner through conjunctive use of surface, subsurface and ground water. This necessitates the estimate 

of water availability at the catchment level in order to plan various activities such as irrigation, industrial 

and domestic demands, water conservation measures, etc. The present study has been done in Burhanpur 

sub-catchment which is a sub humid region contributing large percentage of runoff to the Hatnur reservoir. 

Thus, determination of inflow from Burhanpur sub-catchment to the Hatnur reservoir can help in 

regulating the operations of the reservoir.  

Hydrologic modeling is a simplification of real world process of hydrologic cycle and thus helps us 

understand the interaction between various components of hydrologic cycle. Consideration of variation 

of hydrologic phenomenon in all dimensions can be extremely difficult in some of the practical 

applications. (Chow et.al, 1988). Also, a distributed hydrologic model requires extensive geospatial data 

inputs. Thus, lumped hydrologic models are easier and less complex way of hydrologic modelling. The 

lumped conceptual models are represented by storage systems that include the catchment processes, 

without including the specific details of process interactions. These models are based on spatially lumped 

form of continuity and linear storage-discharge equations of water; which does not require large amounts 

of spatial and temporal distributed input of catchment data (Merritt et al., 2003). 

MIKE 11 NAM is a well-proven software for hydrologic modeling and few studies carried out in the 

recent past are described below. Rahman et.al (2011) conducted a study in Teesta River using an 

integrated model in MIKE 11 to establish a stage-discharge relationship for Kaunia station. A hydrologic 
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model for the Rideau Valley watershed, Ontario, Canada was developed by Ahmed (2012) using 

MIKE 11 NAM.  Amir et.al. (2013) carried out a study at Fitzroy basin, Australia and Loliyana and Patel 

(2015) developed a lumped conceptual hydrologic model using MIKE 11 NAM for Purna river basin, 

India. The recent studies include flood risk assessment in the Tra Bong River catchment, Vietnam by 

Xuan et al. (2020), stream flow modeling for Peninsular basin in India by Ansari et.al.(2020) and 

application of a  combined approach: remote sensing method for establishing flooding maps and MIKE11 

for simulating flood in Tra Khuc river downstream by Bui, L.T. and Bui, A.H.,(2019). 

The present study has been done in Burhanpur sub-catchment which is a sub humid region contributing 

large percentage of runoff to the Hatnur reservoir. Thus, determination of inflow from Burhanpur sub-

catchment to the Hatnur reservoir can help in regulating the operations of the reservoir. 

In this context, a deterministic approach to develop a lumped conceptual hydrologic model for Burhanpur 

sub-catchment using MIKE 11 NAM software, a product developed by Danish Hydraulic Institute (DHI) 

has been used. This model can be used for computing the outflow from Burhanpur sub-catchment into 

Hatnur reservoir. Thus, it assists in planning the reservoir operation and water resource management. 

2.1 Study area 

Tapi river, the second largest west flowing river in India with a length of 724 km, originates in the Satpura 

Mountains, at an elevation of 752 m in Multai in the Betul district of Madhya Pradesh and drains into 

Arabian sea. The Tapi basin extends over states of Madhya Pradesh, Maharashtra and Gujarat having 

an area of 65,145 Km2 (CWC, 2014). 

Figure 1 Index map of Burhanpur sub-catchment 

The entire basin is delineated into three sub basins: upper Tapi basin, includes Burhanpur and Purna 

sub-catchment, up to Hatnur dam, covers an area of 29,430 km
2

, the middle Tapi basin from Hatnur 

dam to Ukai dam 31,767 km
2 and Lower Tapi basin from Ukai dam to Arabian Sea having an area of 

3,948 km2. The Upper Tapi Basin is delineated into two sub-catchments, viz., Burhanpur and Purna sub 

catchment. Burhanpur sub catchment covering an area of 8750.268 km2 up to Burhanpur stream gauging 

station has been chosen as the study area. It is characterized by a hilly region with steep gradients and 

the majority of it is covered by forests, accounting for about 59.4% of the total area (Resmi et.al,  
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2.2 Data 

The main inputs required for the model are catchment area, evapotranspiration, precipitation and outlet 

discharge. The Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of 

Burhanpur sub-catchment has been downloaded from http://earthexplorer.usgs.gov for watershed 

delineation. Meteorological data (Rainfall and Evapotranspiration data were obtained from the eleven 

India Meteorological Department (IMD) for eleven rain gauging stations and five IMD weather stations 

in the sub-catchment (Fig.1). The discharge data of eight years from 1993 to 2000 were obtained from 

Central water Commission (CWC) for Burhanpur sub-catchment. 

2.3 Data processing 

Potential evapotranspiration data was processed from the raw data using updated FAO Penman-Monteith 

equation, 

ET0 = 
0.408(𝑅𝑛−𝐺)+ ϒ 

900

𝑇+273
𝑢2 (𝑒𝑠−𝑒𝑎)

∆+ϒ(1+0.34𝑢2)
     (1) 

where, ET0 = Reference evapotranspiration (mm/day), Rn = net radiation at crop surface (MJ/𝑚2/𝑑𝑎𝑦),

G = soil heat flux density (MJ/𝑚2/𝑑𝑎𝑦), ϒ = psychometric constant (Kpa / ̊ C), T = mean daily air

temperature, 𝑢2 = wind speed at 2m above from ground (m/s), 𝑒𝑠 = saturation vapour pressure (Kpa), 𝑒𝑎
= actual vapour pressure (Kpa), 𝑒𝑠 − 𝑒𝑎 = saturation vapour pressure deficit (Kpa), 𝛥 = slope of vapour 

pressure curve (Kpa / ̊ C). 

2.4 Analytical tools 

MIKE 11 NAM (Nedbor-Afstromnings-Model), developed by Danish Hydraulic Institute (DHI), 

Denmark, has been used here for estimating water availability and flood forecasting in the river 

basin. It is a lumped conceptual hydrologic model with a set of nine parameters to describe catchment 

characteristics (see Fig.2).  

Figure 2 Structure of NAM parameters (DHI, 2008) 
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It simulates the rainfall-runoff process by constantly accounting the water content in four interrelated 

storages: surface storage, root zone storage, ground water storage and snow storage (Fig.2). The 

snow storage has not been considered here, as the present study area is not affected by snow. The 

parameter Umax represents the maximum surface storage, Lmax denotes the maximum root zone 

storage, and CQOF is the coefficient of overland flow, representing the permeability of land and and 

determines the peak of simulated hydrograph. CKIF is the time constant for interflow, CK1,2 is the time 

constant for routing of interflow and overland flow, CKBF is the time constant for routing base flow 

from groundwater storage and all these parameters can determine the shape of simulated hydrograph. 

The TOF is the root zone threshold for overland flow, TIF is the root zone threshold for interflow 

and TG is the root zone threshold for ground water recharge and these parameters determines the 

time lag of the simulated hydrograph. 

2.5 Methodology 

The flowchart for developing a lumped conceptual hydrologic model in MIKE 11 NAM for 

determining outflow from Burhanpur sub-catchment is described in Fig.3. 

2.5.1 NAM model setup 

The SRTM DEM with 30 m resolution of Burhanpur sub-catchment has been preprocessed in Arc GIS 

10.5 for watershed delineation. Burhanpur stream gauging station has been chosen as the outlet point as 

the observed discharge data of Burhanpur sub-catchment at Hatnur reservoir is not available. Seperate 

Theissen polygon for rainfall and PET have been constructed. The meteorological data (rainfall and 

PET) of the years 1993-2000 were converted to weighted rainfall and PET using Theissen polygon 

method. The daily discharge at Burhanpur stream gauging station has been provided as the outlet 

discharge. 

Figure 3 Flowchart demonstrating the development of MIKE 11 NAM model 

Catchment 

Information

Daily Rainfall 

time series 

Daily Evapotranspiration 

time series 

MIKE 11 NAM 

(Rainfall- Runoff 

modelling) 

Runoff from the 

catchment 
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(a) 

(b) 

Figure 4 Theissen polygon for weighted average (a) rainfall (b) PET in Burhanpur sub-catchment 

2.5.2 Calibration of NAM model parameters 

The values of NAM parameters are to chosen so as to replicate the response of the catchment as closely 

as possible. Two objective functions have been chosen for auto-calibration: (i) Agreement between 

average simulated and observed runoff volume from the sub catchment (% WBL). (ii) Overall 

agreement of the shape of the hydrograph (RMSE) (Madsen 2000). The multi-objective calibration 

problem must be transformed by specifying a scalar that aggregates multiple objective functions into 

a single-objective optimization problem. The objective functions are given equal weights, and the 

optimum value of all parameters are calculated using the Shuffle Complex Evolution (SCE) 

algorithm, a global optimization algorithm. The SCE method begins looking for randomly chosen 

points covering the entire feasible space and simultaneously generates a variety of possible solutions 

through various search techniques, including: (i) competitive evolution, (ii) controlled random search, 

(iii) simplex method, and (iv) complex shuffling (Duan, et.al, 1975). The lower and upper range of

NAM parameters were chosen from the literature of Madsen (2000) as shown in the Table 1.
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Table 1 NAM parameters along with their lower and upper limits 

NAM parameters Lower limit Upper limit 

Umax 5 35 

Lmax 50 350 

CQOF 0 1 

CKIF 500 1000 

CK12 3 72 

CKBF 500 5000 

TOF 0 0.999 

TIF 0 0.999 

TG 0 0.999 

The scarcity of ground water data in the study area were not available, hence the default values of few 

NAM parameters related to groundwater like Cr,low (recharge to lower ground storage), CKlow (time 

constant for routing lower base flow), Specific yield (Sy), GWLBF0 (maximum groundwater depth causing 

base flow) and KOinf (Infiltration factor). The initial conditions are provided with reference to literature 

(Loliyana et.al, 2014) and also by trial and error in the hot start file of December 1992 data.  

The calibrated model parameter values for the given initial conditions and objective function are as 

given in Table 2. The value of CQOF is high due to low permeable rocky strata and steep slope which can 

lead to more surface runoff from the catchment with high speed of flood waves. The parameter Umax is also 

high due to high percentage of forest cover, retaining water at the surface. The value of L/Lmax is lower 

than TOF indicating the presence of overland flow mainly during monsoon periods. 

Table 2 NAM calibrated parameters with initial condition parameters 

NAM model 

parameters 

Calibrated values Initial condition parameters Calibrated values 

Umax (mm) 29.9 U/Umax 0.5 

Lmax (mm) 50 L/Lmax 0.8 

CQOF 0.85 QOF 0 

CKIF 500 QIF 0 

CK12 12.5 BF 0.2 

CKBF 1165 

TOF 0.996 

TIF 0.143 

TG 0.283 
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2.5.3 Results and discussions 

The performance of developed hydrologic model during calibration period 1993-1996 has been evaluated 

using graphical method and a set of performance indices (Doulgeris et.al, 2011) (Appendix A). 

Figure 5 Observed and Simulated runoff at Burhanpur stream gauging station using MIKE 11 

NAM during calibration period (1993-1996) 

Table 3 Performance of MIKE 11 NAM model for calibration year 1993-1996 

Moriasi et al. (2007) considered a model as acceptable if NSE>0.50 and %WBL<25. The model 

developed in present study has given satisfactory performance with NSE value of 0.854 and WBL value 

of 1%. It has a negative PBIAS indicating the flow getting under predicted, which can be due to non-

inclusion of existing stream flow. The developed model has been further validated for continuous flow 

data of 1997 to 2000 with the calibrated vales of NAM parameters. 

Performance Indicators Discharge Unit 

MAE 87.777 m3/s 

PBIAS -1.013

RMSE 295.626 m3/s 

R2 0.877 

NSE 0.854 

WBL 1.0 % 
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Figure 6 Observed and Simulated runoff at Burhanpur stream gauging station using MIKE 11 

NAM during validation period (1997-2000) 

Table 4 Performance of MIKE 11 NAM model for validation year 1997-2000 

The validation results show that the performance of the developed hydrologic model is satisfactory with 

NSE of 0.797 and WBL of 1.2%, however, the model under predicts the peak flows. This may be due to 

non-consideration of stream flow and storage effects due to minor hydraulic structures. However, the 

overall performance of the model is satisfactory and hence can be used for estimating the outflow from 

Burhanpur sub-catchment. 

3. Conclusions

A lumped conceptual hydrologic model of Burhanpur sub-catchment has been developed using MIKE 11 

NAM software. The NAM parameters have been calibrated for the catchment by minimising the 

percentage Water Balance (%WBL) and Root Mean Square Error (RMSE). The model performed 

satisfactorily both in calibration (NSE=0.854, % water balance=1.0) and validation periods (NSE=0.797, 

Performance Indicators Discharge Unit 

MAE 111.367 m3/s 

PBIAS -1.25

RMSE 383.611 m3/s 

R
2 0.798 

NSE 0.797 

WBL 1.2 % 
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% water balance=1.2). However, the lean periods are not simulated well due to adoption of default values 

of ground water parameters and ignorance of storage effects due to minor hydraulic structures. The 

performance of the model can be improved by integrating hydraulic model of the river with hydrological 

model of the sub-catchment, proposed in current study. Availability of ground water data including the 

actual soil maps can improve the performance of hydrological model. 
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Appendix A 

Performance of the developed model has been evaluated using a set of statistical performance indices as 

described below. 

Table A Statistical performance indices in the present study 

Sr. 

No. 

Statistical indices Description Equation Acceptable 

value 

1 Mean Absolute 

Error (MAE) 

Measure of 

average deviation of 

flow MAE =
∑ |𝑄𝑖

𝑜𝑏𝑠−𝑄𝑖
𝑠𝑖𝑚|𝑁

𝑖=1

𝑛

0 

2 Performance Bias 

(PBIAS) 

Measure of 

cumulative flow 

volume error (% 

WBL) 

𝑃𝐵𝐼𝐴𝑆 =
∑ (𝑄𝑖

𝑜𝑏𝑠 − 𝑄𝑖
𝑠𝑖𝑚)𝑛

𝑖=1

∑ (𝑄𝑖
𝑜𝑏𝑠)𝑛

𝑖=1

𝑥100 

0 

3 Root Mean Square 

Error 

(RMSE) 

Measure of scatter 

of residuals 𝑅𝑀𝑆𝐸 = √∑ (𝑄𝑖
𝑜𝑏𝑠 − 𝑄𝑖

𝑠𝑖𝑚)
2𝑛

𝑖=1

𝑛

0 

4 Regression 

Coefficient (R2)

Measure of 

correlation between 

observed and 

simulated 

Flows 

𝑅2 = √
1

𝑛
∑(𝑄𝑖 − 𝑄𝑚𝑒𝑎𝑛)2

𝑛

𝑖=1

1 

5 Nash-Sutcliffe 

Efficiency (NSE) 

Ratio of mean 

square error to the 

variance of observed 

water levels 

subtracted 

from unity 

𝑁𝑆𝐸 = 1 − [
∑ (𝑄𝑖

𝑜𝑏𝑠 − 𝑄𝑖
𝑠𝑖𝑚)

2𝑛
𝑖=1

∑ (𝑄𝑖
𝑜𝑏𝑠 − 𝑄𝑖

𝑚𝑒𝑎𝑛 𝑜𝑓 𝑜𝑏𝑠
)

2
𝑛
 𝑖=1

] 

1 
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Abstract 

In a compound channel, vertical apparent shear exists on the interface between the upper main 

channel and the floodplain, which generally accelerates the flow on the floodplain and resists 

the flow in the upper main channel. In addition, a horizontal apparent shear stress also occurs 

on the interface between the upper and lower main channels, which generally accelerates the 

flow in the lower one and resists the flow in the upper one. Therefore, it is essential to consider 

the exchanges of momentum at both vertical and horizontal shear layer regions. This concept 

is incorporated in extended independent subsection method (Extended ISM). In this method 

calibrating factor is necessary for mass exchange and turbulent exchange. In this research, an 

equation has been developed to calculate the calibrating factor. For this different experimental 

data has been collected on various diverging compound channels. To check the efficiency of 

the Extended ISM in predicting discharge in non-prismatic compound channels, comparison 

has been made with classical ISM.  

Keywords: Extended ISM; converging; diverging compound channel; turbulent exchange 

1. Introduction

Flow modelling in the compound channel is challenging task for the river engineer. When the geometry 

of floodplains diverges or converges, that affect significantly to the conveyance estimation. Flooding 

rivers usually present flow-width variations that give rise to non-uniform flows in non-prismatic 

compound geometries. Flow distribution in the diverging compound channel is a very important topic 

in river hydraulics to be investigated from a practical point of view in relation to flood risk assessment, 

bank protection, navigation and sediment-transport depositional pattern. Knowledge on velocity 

distribution helps to determine the energy expenditure, bed shear stress distribution, and the associated 

mass and momentum transport problems. Very few works found from the literature on a compound 

channel with diverging floodplains. Proust (2005), is the first to worked on diverging compound 

channels and presented an independent subsection method to model the flow depth and velocity at the 

different subsections of prismatic and non-prismatic compound channels. Bousmar et al. (2006), discuss 

the flow behaviour in the compound channel with diverging floodplain for two different diverging 

angles 3.81° and 5.7°. Later Yonesi et al. (2013) worked on diverging compound channels with 

differential bed roughness for diverging angles 3.81°,5.7° and 11.3°. Due to non-prismatic effect of the 

floodplain the existing traditional methods like single channel method (SCM), divided channel method 

(DCM) and numerical methods like lateral distribution method (LDM), Shiono and Knight method 
(SKM) are failed to provide accurate stage, discharge, and velocity at different sections of the non-

prismatic portion (Yonesi et al. 2013, Das et al. 2018). Knight and Demetriou (1989), Wormleaton et 
al. (1982) and Devi et al. (2016), show that the vertical apparent shear exists on the interface between 
the upper main channel and the floodplain, which generally accelerates the flow on the floodplain and 
resists the flow in the upper main channel. In addition, a horizontal apparent shear stress also occurs on 
the interface between the upper and lower main channels, which generally accelerates the flow in the
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lower one and resists the flow in the upper one (Yang et al. 2013). Therefore, it is essential to consider 

the exchanges of momentum at both vertical and horizontal shear layer regions. Now coming to the 

existing numerical methods, the Independent Subsection Method, ISM, which was developed to model 

stream-wise non-uniform flows for both prismatic and non-prismatic compound channels was found to 

give good results of water depth and velocity distribution in main channel and floodplain (Proust et al. 

2009 and 2010) and also depth-averaged Reynolds stress at the vertical interface main channel / 

floodplain (Proust et al. 2017). In this method, a1D momentum equation is solved in each of the three 

subsections (left floodplain, main channel, right floodplain) and a continuity equation for the whole 

section. Thus, this method constitutes four equations and solves simultaneously to get the mean velocity 

and water depth at all sub-sections. With a vertical division of the sub-sections, the method does not 

consider the momentum transfer between the upper and lower parts of the main channel. An attempt is 

made here to improve the ISM to determine the magnitudes of flow and velocities in the upper and 

lower main channels. For this, experiments have been conducted in three different diverging angles to 

measure the lower and upper main channel discharge and the calibrating coefficient which affects the 

simulation of ISM.  

2. Extended independent subsection method (Extended-ISM)

To determine the magnitudes of flow and velocities in the upper and lower main channels the ISM needs 

to be improved. Therefore, instead of three subsections of classical ISM, four subsections (left 

floodplain, upper main channel, lower main channel and right floodplain) are created in improved ISM 

according to the vertical and horizontal division lines that corresponds to vertical interface between 

main channel and floodplain and horizontal interface between upper and lower main channels 

respectively (Knight and Demetriou 1983).The improved ISM consists in a set of four coupled 1D 

momentum equations for four subsections and a mass conservation equation for the total cross-section. 

Like classical ISM, mass and momentum exchanges at the interface between the subsections are 

considered explicitly. Figure 5 shows the schematic diagram of compound channel subsections. 

Velocities at left floodplain, upper main channel, right floodplain and lower main channel represented 

by U1, U2, U3, and U4 respectively and the floodplain flow depth represented by hfp (=h12=h23).  

Figure 1. Division of compound channel 

In this division process, we have distinguished the incoming and outgoing lateral flows, these mass 

flows are naturally exclusive: in a subsection, the mass is either incoming or outgoing. The equations 

were written in such a way that qin and qout are always positive. Now, we will consider algebraic lateral 

flows: q12 will be the exchange rate from the FP left to the MC, q32 the exchange rate from the FP 

right to the upper MC and q42 the exchange rate from the LMC to the UMC. These three flows will be 

positive if mass leaves from the FP and UMC, and negative, if the mass enters the FP and UMC. In this 

way, the equations of continuity per floodplains, upper and lower main channels can be written as :  
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1D momentum equations for the four subsections are: 
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For lower main channel 
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For upper main channel 
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The interfacial velocity between the zone 1 and the 2 being noted as Uint.12, that between the 3 and 2, 

Uint.32, and between the 4 and 2, Uint.42, and the shear at the left interface, τ12, at the right interface τ32 

and at lower and upper MC interface is τ42. The interfacial velocity between LMC and UMC is 

computed by the relation similar to Proust (2005), where the contribution of velocities of UMC and 

LMC to the interfacial velocity Uint.42 is weighted by its depth of the subsection and presented as 

follows : 

.int 2 4

12 12

3.5

3.5 3.5
h Model
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h h
U U U

h h h h
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+ +
(7)
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Figure 2 (a) shows the location of horizontal interfacial velocity between the UMC and LMC and the 

value can be modelled by Eq. (7). Figure 2 (b) shows the horizontal Uint. velocity model for Dv5.93 

with Dr 0.4. Modelled values show a good match with measured values and thus used in the 

simulation of improved ISM to compute the discharge for LMC and UMC. The details of extended 

ISM method are described in Das (2018). 

Figure 2. Interfacial velocity: a) upper main channel and lower main channel, b) streamwise width 

averaged velocity at the horizontal interface Uh.int. Modelled vs experimental 

2.1 Differential equation modelling 

Equations (2), (3), (4), (5) and (6), can be written as an ordinary differential equation system (8), where 

coefficients a1, a2, a3, a4, a5, b1, b2, c1, c4, d1, d5, e1, e2, e4, and e5 are non-linear functions of 

velocities U1, U2, U3, U4, and floodplain water depth hfp (=h12=h23), geometrical parameters and 

subsection Manning’s roughness (Das 2018). 
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The improved ISM consists thus in solving both flow depth and subsection velocities simultaneously. 

The MATLAB solving procedure ODE45 for ordinary differential equations was used: it is based on a 

Runge-Kutta explicit scheme of 4th or 5th order. For subcritical flows, the ISM is solved iteratively: 

the upstream experimental discharge distribution and a tentative upstream water level are given. The 

downstream water level results from the computation. The upstream level is then adjusted until the 

suitable downstream level is obtained. 

2.2 Extended ISM simulations 

The improved ISM is simulated by considering the total momentum (both turbulence and mass) transfer 

between the subsections. The results obtained from the simulation for some selected flow depths and 

diverging angles are shown in Table 2. The divided channel method has also been used to compute the 

floodplain discharge and Strickler equation has been used to compute the lower main channel discharge. 

From Table 1, it is noticed that the floodplain flow percentage obtained from the improved ISM (IISM) 

give a good match with computed %Qfp (% of total discharge). Further, the improved ISM is able to 

compute the lower main channel discharge. For lower main channel discharge distribution, the IISM 

shows good accuracy with experimental value as compared to the value obtained from Strickler 

equation. Figure 3 (a-c) shows the lower main channel flow percentage from the main channel flow for 

Dv5.93/Dr0.25, Dv9.83/Dr0.5, and Dv14.57/Dr0.4 respectively. The increase of %Qlmc (Figure 3a) 

and decrease %Qlmc (Figures 3b and 3c) along the streamwise direction is due to the effect of relative 

flow depths as it has been discussed in section 3. 
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Table 1. Comparison of Qfp (% of total discharge) and %Qlmc (% of main channel discharge) by 

different methods 

Serie

s 

Dr X (m) Qfp(% Q total) Qlmc(% Q mc) 

EXP DCM ISM EISM EXP Str. 

Eqn. 

ISM EISM 

Dv 

5.93 

0.15 14.50 22.68 26.5 22.8 22.91 87.61 90.6 - 86.68 

0.50 14.50 52.56 55.3 53.2 53.16 52.64 55.6 - 51.85 

Dv 

9.83 

0.25 15.50 32.98 36.4 33.2 33.15 72.49 75.6 - 73.66 

0.40 16.25 55.30 58.2 55.8 55.74 51.33 54.7 - 52.64 

Dv 

14.57 

0.30 16.00 36.73 40.1 36.9 37.26 64.82 67.9 - 65.13 

0.50 16.50 55.60 58.8 56.1 55.96 41.43 44.0 - 41.81 

X- longitudinal distance (m), DCM-Divided channel method, Str. Eq.- Strickler Equation,

EXP-experimental data, ISM- classical ISM (Proust 2006), EISM-Extended ISM
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Figure 3. Comparison of lower main channel flow distribution (% of main channel flow) 

3 Conclusions 

Horizontal interfacial velocity between upper and lower main channel is modelled by considering flow 

depth in the upper main channel and bank full depth of the main channel. Accounting of momentum 

exchange in the horizontal shear layer region between the upper and lower main channels and vertical 

shear layer region between upper main channel and floodplains in the extended ISM make the model to 

predict lower main channel discharge along with the flow depths and velocities at different subsections 

of the channel and show a good match with the experimental findings. 
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Abstract 

Hydrodynamic modelling of the complex river systems plays an important role for operational flood control that 

involves accurate estimation of streamflow and river stage. Since the river stage is a local variable, it is very much 

sensitive to the accuracy level of the Digital Elevation Model (DEM)-extracted river cross sections. Among the 

freely-available DEMs, 1-arc second SRTM and 3-arc second MERIT DEMs are very much popular among the 

researchers worldwide. In this study, the sensitiveness of the river cross sections extracted from these two DEMs 

was evaluated by using the dynamic wave routing option of the MIKE11-HD model in simulating the river stage 

and discharge along the complex river network of the deltaic ‘Lower Mahanadi Basin (LMB)’ (4434 km2), which 

is one of the severely flood affected areas in eastern India with flat terrain. The LMB constitutes a network of 16 

river distributaries originating from the main Mahanadi River and finally draining into the Bay of Bengal and 

Chilika Lake. Moreover, there is a dense canal network with three main canals originating from the gated 

structures located on the main Mahanadi River, conveying water to eight branch canals and several major and 

minor distributaries. Due to this complexity, it is challenging to simulate river stage and streamflow along the 

stream network downstream with the freely available DEMs. The observed daily streamflow and river stage 

available at two gauging stations for the period of 2004-2005 and 2006 were used for model calibration and 

validation, respectively. The results reveal that with the SRTM DEM, MIKE11-HD could simulate the streamflow 

reasonably well with the Nash Sutcliffe Efficiency (NSE) of 0.41-0.61 both during calibration and validation; 

whereas for the corresponding NSE for simulating the river stage was 0.22-0.38. Conversely, with the MERIT 

DEM, there were improved NSE estimates of 0.45-0.63 and 0.27-0.41 for simulating the discharge and stage, 

respectively. Conclusively, the freely available DEMs are capable of simulating the river discharge reasonably 

well. Furthermore, a careful consideration of uncertainty involved in the extracted river cross sections along with 

the inclusion of lateral flow at different river reaches would definitely improve the model efficiency. 

Keywords: Streamflow routing, SRTM DEM, MERIT DEM, MIKE11-HD, Flood forecasting 

1. Introduction

Flood is one of the severe most natural disasters which causes wide spread devastation in socio-

economic status, severe damages to agricultural productivity and vegetation cover, degrades the water 

quality and creates health hazard.  This high occurrence of the flood is mostly due to encroachment of 

the flood plains, unplanned and rapid changes in the land use and land cover in the upper catchment 

area resulting in high peak flows along with high-intensity rainfall due to climate change impacts. 

Specifically, India is highly vulnerable to floods and out of the total geographical area of 329 Mha, 

more than 40 Mha is flood prone (NDMA, 2008). To minimize the frequency of flood and its effects, 

mainly structural and non-structural measures have been considered in the past. Among various 

methods of flood mitigation, flood forecasting is an improvement to the traditional structural method as 

constriction of dykes and embankments leads to some other severe consequences like disturbed river 

ecology. In addition, the environmental impact of implementing flood forecasting and warning systems 

is considerably less severe than many other structural measures. 
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Flood forecasting deals with accurate and in time estimation and perdition of river stage and discharge 

along different reaches using the hydrodynamic (HD) models based flood routing techniques (Gichamo 

et al., 2012; Sahoo et al., 2014; Biswal et al., 2019). The HD flood routing models solve the set of 

governing equations and provide specific information on flood characteristics (Haile, 2005).  Following 

the application of HD models for flood forecasting, the neural network-based frameworks were 

ensemble to derive the discharge and water depth (e.g., Nanda et al., 2016; Nanda et al., 2019; Yaseen 

et al., 2019; Zhou et al., 2019). Subsequently, remote sensing-based approaches for discharge 

estimations were also integrated with the HD model framework for estimating streamflow at ungauged 

catchments (Tarpanelli et al., 2013b; Sahoo et al., 2020a). It is worth to mention that the use of HD 

model fulfills the gaps of daily streamflow routing irrespective of the cloud covers, which were the 

main hindrance during the remote sensing-based approach (Sahoo et al., 2020b). Similarly, the flood 

routing was also performed using the physically based approach (e.g., Perumal and Sahoo, 2007; Sahoo 

et al., 2014; Swain and Sahoo, 2015; Sahoo et al., 2019) and semi-distributed modelling approach at a 

basin scale (Uniyal et al., 2015; Dash et al., 2020). Note that all these flood routing studies were mostly 

relied on the river cross section geometry and for a complex river network, which is an obvious feature 

in a delta region the accurate assessment of river cross section is highly essential.   

In the light of the above discussion, it is evident that the hydrodynamic modeling of complex deltaic 

river systems is of utmost importance for mitigating flood inundation problems. However, the flood 

forecasting approach with the use of HD modelling framework is infancy in the developing countries 

due to lack or very limited hydro-geometeorological data. To carry out the HD modelling, several inputs 

like river network, river cross section, rating curves and Manning’s roughness (n) parameter are 

required. Among these inputs, the Manning’s roughness (n) and river cross section are the most sensitive 

for routing discharge and estimating the corresponding river stage at the downstream river reaches. 

Accurate representation of the river bed profile leads to minimal error in the simulated discharge and 

river stage. However, most of the river basins in India are scantily gauged along with very limited 

availability of the measured river cross sections, which are mostly measured only at the gauging sites. 

This causes non-uniform availability of the river cross sections over the river networks. Alternative to 

these constraints are to use the rating curves as measured on-site or developed through remote sensing 

based approaches (Tarpanelli et al., 2013a; Sahoo et al.,2020b) and use of secondary source of river 

cross sections, which could be obtained through DEMs. Although the use of very high resolution DEMs 

would certainly provide less error in the extracted cross section, it requires huge cost of procurement 

and hence, not always feasible. In addition to that the availability high resolution DEMs are limited to 

specific regions. Given this constraints, in this study, an attempt has been made to carry out 

hydrodynamic modelling of a complex deltaic river networks and to evaluate the efficiency of freely 

available DEMs simulating river stage and discharge at a reach scale. The outcome of the present study 

would be a great asset to operational flood management under data sparse condition which is most likely 

to occur in the developing countries. Thus, it will be helpful to save life and economic status. 

2. Methodology

2.1 Overview of the study area 

In this study, the Mahanadi River delta is selected as the study area which is situated in the lower 

Mahanadi River basin, Odisha, India (Fig. 1). The study area lies in between 19° 48ʹ 52.46ʺ N to 20° 

32ʹ 47.97ʺ N latitude and 85° 37ʹ 29.36ʺ E to 86° 45ʹ 35.47ʺ E longitude. It encompasses an area of 

about 4434 km2 and is spread over Cuttack, Khurda, Jagatsinghpur, Kendrapda and Puri districts of the 

state Odisha. The Mahanadi Delta region is well known for its complex river network, several 

distributaries, dense irrigation canal networks and extensive plains (average surface elevation of 0-40 

m MSL). Owing to the complex river networks, the Kathajodi River forms the major distributary of 

river the Mahanadi at Naraj, which is about 4 km downstream to the delta apex Mundali (upstream 

gauging point). There are 16 river networks in the study area and the canal command covers about 69% 

of the study area. The Mahanadi River delta is highly populated and paddy is grown in the major portion 
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of the area. High frequent floods are of major concern in this study area during monsoon period (June-

September), which causes severe damages to crops as well as lives. 

Figure 1 Location map of the study area. 

2.2 DEM based river cross sections 

Among the several inputs to the MIKE11-HD model, river cross sections at regular interval are required 

for accurate simulation of stream flow and stage along the river reaches. However, the availability of 

the measured river cross sections is very limited and also not uniformly distributed over the river 

networks, specifically, in the deltaic river basin because of its topographic constraints. To overcome 

this issue, the river cross sections were extracted using the ArcGIS 10.2 software from the freely 

available SRTM-1 arc second and MERIT-3arc seconds DEMs at an interval of 500 m for all the river 

networks.  

2.3 MIKE11 hydrodynamic modelling framework 

A hydraulic simulation model was developed for unsteady non-uniform flow in a river constituting 

several distributaries and dense irrigation canal networks, which is equipped with numerous manually 

operated gates at each bifurcation point. Fundamental equations governing the unsteady flow in open 

channels are based on the conservation of mass and momentum/energy in a bounded system. The Saint-

Venant equations of continuity and momentum describing gradually varied one-dimensional unsteady 

open channel flows are mathematically expressed, respectively as 
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where Q = flow rate [L3T-1], A = flow cross-sectional area [L2], q = lateral flow per unit length [L2T-1], 

V = flow velocity [LT-1], y = flow depth [L], x = longitudinal distance [L], t = time [T], g = acceleration 

due to gravity [LT-2], S0 = channel slope, and Sf = friction slope. 

In this study, flow dynamics in a complex river network with several bifurcations of Lower Mahanadi 

delta was simulated by using the commercially available state-of-the-art MIKE 11 software. The 

357



Hydrodynamic (HD) module makes the way for simulation of discharge and water level at different 

sections of the river and canal networks. The MIKE11-HD solves vertically integrated Saint-Venant 

equations through Finite Difference Method (FDM) to obtain the hydrodynamic state (discharge and 

water level) of the river networks (DHI, 2020). River networks, river cross sections, parameters and the 

boundary files were separately prepared and were given as input to the MIKE11-HD model. The 

MIKE11-HD model was run under unsteady state. Finally, the outputs from the MIKE11-HD were 

visualized and analyzed using the post-processor tool, i.e., MIKE View. After providing all the required 

input to the MIKE11-HD model, the model was calibrated for the period of 2004 to 2005 and validated 

for the year 2006 at the Naraj and Tarapur gauging stations. Although there exist some other gauging 

stations over the study area, uninterrupted time series of river stage and discharge are available for Naraj 

and Tarapur gauging stations, which are located at the upper and lower region of the study area, 

respectively 

The above mentioned continuity and momentum equations (1) and (2) are transformed to a set of 

‘implicit finite difference’ equations based on 6-point Abbott-Ionescu scheme (AIS) (Abbott and 

Ionescu, 1967). The computational grid comprises of alternating discharge (Q) and water level (h) 

points and the Q-points are always placed midway between the neighboring h-points. Further, the 

continuity equation is solved between Q-points, whereas momentum equation is solved between h-

points. The technique used to solve the system of linear equations determined using AIS is called 

‘Double Sweep Algorithm’, in which the basic idea is to perform advancing replacement from one 

equation to the succeeding (Schaarup-Jensen, 2000).  

2.4 Performance evaluation indices 

The performance of the MIKE11-HD model was evaluated using various indices which are described 

as follows: 

(1) Root Mean Square Error (RMSE): It is defined as
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(2) Coefficient of Determination (R2): It is defined as
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(3) Nash Sutcliffe Efficiency (NSE): It is defined as
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(4) Index of Agreement (d): It is defined as
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where N = total number of observations; Oi = observed water level/discharge at ith hour; Si = simulated 

water level/discharge, Oavg is the mean of Oi and Savg is the mean of Si. 

(5) Percentage Deviation in Peak (%Dev.): It is defined as
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where Op and Sp are the peaks of observed and simulated water level/discharge at a gauging station over 

a period of time. 

3. Results and Discussions

3.1 Calibration of MIKE 11 HD model 

The MIKE11-HD model was calibrated for the period of 2004 to 2005 for both streamflow and river 

stage. For calibrating the MIKE11-HD model, the Manning’s roughness coefficient (n) of the river bed 

and flood plains were considered as the model parameter. Based on the field visit of the study area, it 

has been found that the river bed and flood plains are consists of shoals, large bushes along with small 

weeds. For this type of bed materials, the ‘n’ values vary in the range of 0.035 to 0.05 (Chow, 1959). 

Initially, a trial value of ‘n’ was considered for calibrating the MIKE11-HD model and thereafter, the n 

value was modified by trial and error method to get a closest agreement between the observed and 

simulated streamflow and river stage. During calibration, the ‘n’ value varies from 0.035-0.04. Figures 

2a,b and 3a,b show the comparison of observed and simulated streamflow and river stage, respectively 

at the Naraj and Tarapur gauging stations. Although there exist several gauging stations over the study 

area, due to unavailability of continuous data only two gauging stations namely, Naraj and Tarapur were 

considered in this study. It is well discernable from Figs. 2a,b that for the Naraj and Tarapur gauging 

stations, the simulated discharge follows a similar pattern as that of the observed one for both the SRTM 

and MERIT DEMs. However, the simulated peaks are quite higher as compared to the observed 

streamflow during the monsoon seasons at both the gauging stations. A closer look into Figs. 2a,b depict 

that the peak discharge for SRTM-derived river cross sections are comparatively higher as that obtained 

by using the MERIT-derived rover cross sections. During the non-monsoon seasons, on the other hand, 

the low flows are overestimated and underestimated as compared to the observed streamflow at the 

Naraj and Tarapur gauging stations, respectively using both the DEMs. Further, Figs. 3a,b show a close 

agreement between the observed and simulated river stage at both the gauging stations. During the 

monsoon and non-monsoon seasons, the simulated river stages are higher than the observed one at both 

the gauging stations. The river stage simulated by using the SRTM-derived cross sections are higher 

than the MERIT-derived cross sections. These differences in the simulated streamflow and river stage 

are attributed to the uncertainties in the DEMs-derived river cross sections. Removal of vertical bias 

and hence, modification of the river cross sections with respect to the measured cross section would 

result very less error in the simulated river stage and discharge compared to the observed ones. 

However, under data scarce conditions, the results obtained through the freely available DEMs-

extracted river cross sections could be very useful in flood management. Additionally, it will provide a 

good platform for food modelling studies in scantily gauged basins.  

The performance indices during model calibration are presented in Tables 1 and 2 for the discharge and 

river stage, respectively using SRTM and MERIT DEMs-derived river cross sections. It is evident from 

Tables 1 and 2 that for the SRTM DEM, the Nash Sutcliffe Efficiency (NSE) varies from 0.52 to 0.61 
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and 0.25 to 0.38 for simulating discharge and river stage for the two gauging stations, respectively. 

However, the Index of Agreement (IOA) is 0.93 for discharge and it varies from 0.89 to 0.90 for 

estimating river stage. On the other hand, for the MERIT DEM, the NSE value ranges from 0.45 to 0.63 

and 0.39 to 0.41 for river discharge and stage, respectively. The IOA values range from 0.92 to 0.94 for 

simulating discharge and 0.90 to 0.91 for simulating river stage. Overall, the model performs well based 

on the IOA values; however, the NSE values are less due to the mismatch in the simulated peak 

streamflow and river stage. 

Figures 2 (a,b) Variation in the observed and simulated discharges at Naraj and Tarapur gauging 

stations during calibration. 

Table 1 Performance evaluation measures for observed and simulated discharges at Naraj and 

Tarapur gauging stations during calibration 

Sl. 

No. 
Performance Indices 

Gauging Sites 

Naraj Tarapur 

SRTM MERIT SRTM MERIT 

1 RMSE (m3/s) 2667.06 2336.14 294.19 348.31 

2 R2 0.97 0.94 0.87 0.91 

3 NSE 0.52 0.63 0.61 0.45 

4 IOA 0.93 0.94 0.93 0.92 

5 Percentage Deviation in Peak (%) 57.96 50.90 39.82 39.82 
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Table 2 Performance evaluation measures for observed and simulated river stages at Naraj and 

Tarapur gauging stations during calibration 

Figures 3 (a,b) Comparison of observed and simulated river stages at Naraj and Tarapur gauging 

stations during calibration. 

3.2 Validation of MIKE 11 HD model 

Using the calibrated Manning’s n values for different river reaches, the MIKE11-HD model has been 

validated for the year 2006 for both streamflow and river stage. Figures 4a,b show the comparison of 

observed and simulated discharges at the two gauging sites namely, Naraj, and Tarapur during 

validation, respectively. Likewise, the comparison of observed and simulated water levels during 

validation at Naraj and Tarapur gauging stations are shown in Figs. 5a,b, respectively. The performance 

indices for the discharge and water-level gauging stations are presented in Tables 3 and 4, respectively. 

It is evident from Figs. 4a,b that the simulated discharge follows a similar pattern as that of observed 

Sl. 

No. 
Performance Indices 

Gauging Sites 

Naraj Tarapur 

SRTM MERIT SRTM MERIT 

1 RMSE (m) 0.97 0.88 0.62 0.6 

2 R2 0.96 0.97 0.9 0.94 

3 NSE 0.25 0.39 0.38 0.41 

4 IOA 0.89 0.91 0.90 0.90 

5 Percentage Deviation in Peak (%) 11.16 10.67 12.30 11.44 
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discharge at the two discharge gauging stations. However, the simulated peak flows are deviating 

significantly (about 6 to 73%) from the observed one for both SRTM and MERIT DEMs-derived cross 

sections. Overall, the simulated discharge is higher than the observed one during both high and low 

flows. Interestingly, the simulated river stage is also following similar pattern as that of observed river 

stage; however, there exists a deviation in peak river stage (about 13 to 16%) from the observed one 

during monsoon season. The SRTM DEM-derived river cross sections simulated higher river stage as 

compared to that obtained from MERIT based river cross sections at the two gauging stations. It is 

worth to mention that the deviations in simulated river stage and discharge is mostly due to inaccuracies 

in the extracted river cross section from the SRTM and MERIT DEMs. Due to these inaccuracies, the 

river bed slope profile and hence, the celerity deviated from the actual one resulting error in the 

simulated river stage and discharge.  

Based on the estimated performance indices, the NSE values vary from 0.41 to 0.51 and the IOA value 

is 0.91 for simulating discharge at the two discharge gauging stations (Table 3) using the SRTM DEM-

derived cross sections. For simulating river stage, however, the NSE and IOA values vary from 0.22 to 

0.27 and 0.88 to 0.89, respectively. On the other hand, for the MERIT DEM, the NSE values for 

discharge and river stage vary from 0.47 to 0.54 and 0.27 to 0.37, respectively (Table 3 and 4). It is also 

evident from Tables 3 and 4 that the IOA value is 0.91 for simulating river stage and it varies from 0.92 

to 0.93 for simulating discharge. 

Thus, in general, it is observed that the MIKE11-HD model is capable of simulating the discharge and 

river stages over the deltaic region of the Mahanadi River basin under wide range of inflows. It is worth 

to mention that the simulated discharge and river stages are in good agreement with the observed one 

in spite of using the river cross sections extracted from the freely available DEMs like SRTM and 

MERIT. In addition, there exists deviation in the simulated river flow dynamics which is obvious and 

could be improved by the use of measured cross sections. 

Table 3 Performance indices for observed and simulated discharges at Naraj and Tarapur gauging 

stations during validation 

Sl. 

No. 
Performance Indices 

Gauging Sites 

Naraj Tarapur 

SRTM MERIT SRTM MERIT 

1 RMSE (m3/s) 4733.35 4171.86 559.47 580.89 

2 R2 0.95 0.96 0.87 0.91 

3 NSE 0.41 0.54 0.51 0.47 

4 IOA 0.91 0.93 0.91 0.92 

5 Percentage Deviation in Peak (%) 77.08 76.30 6.42 13.19 
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Figures 4 (a,b) Variation in the observed and simulated discharges at Naraj and Tarapur gauging stations during 

validation. 

Figures 5 (a,b) Variation in the observed and simulated river stage at Naraj and Tarapur gauging stations during 

validation. 
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Table 4 Performance indices for observed and simulated river stages at Naraj and Tarapur gauging 

stations during validation 

4. Conclusions

Hydrodynamic modelling of the complex river distributary systems in a deltaic river basin is primarily 

dependent on the measured river cross sections leading to accurate estimation of river flow dynamics. 

However, availability of the measured river cross sections along with other hydro-meteorological data 

for an ungauged and/or scantly gauged river basin is limited. Under such circumstances, this study 

demonstrates a scientifically sound approach for using the river cross sections extracted from freely 

available DEMs. In this study, the capability of MIKE11-HD model in discharge routing and 

corresponding river stage is thoroughly examined. The results of the calibrated and validated MIKE11-

HD model indicate satisfactory performance with the use of DEMs-based river cross sections. Although 

there exist some deviations in the simulated discharge and river stage during the monsoon and non-

monsoon seasons, the model is well capable of capturing the extreme events which is of major concern 

in flood modelling studies. The differences in the simulated and observed streamflow and stage could 

be attributed to the exclusion of lateral flows, absence of detailed operation of gated structures like 

barrages in the river networks while setting up the hydrodynamic model. Hence, it concludes that the 

MIKE11-HD model could be efficiently used for routing ungauged river floods and for estimating the 

corresponding flood depths under non-availability of measured river cross sections. Further, the 

developed hydrodynamic model could be used to generate different event based flood scenarios to study 

the effect of high flood and hence, could be used an asset in solving the flooding issues in a river basin, 

specifically, the delta region.  
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Abstract 

The hydrodynamic river models are widely used for flood forecasting, sediment transport, water quality, and 

channel navigation studies. However, such river models are seldom applied to the process-based understanding 

of energy dissipation in large river systems. The energy dissipation becomes more complex in highly braided 

rivers due to spatio-temporal heterogeneity in flow-morphodynamics-vegetation interactions. The Brahmaputra, 

one of the highly braided river systems globally, is characterized by large seasonal variability in flow, sediment 

transport, and channel configuration. Moreover, this river basin is poorly gauged, which offers a challenging task 

for flow-dynamics simulation and hydro-geomorphological predictions. Hence, in this study, HEC-RAS 

hydrodynamic model was simulated to understand the energy dissipation process for highly braided Brahmaputra 

river. The selected study reach near Guwahati is 200 km in length, which is morphologically active in terms of 

sand-bar adjustments, thalweg shifting, large eddy formation, the emergence of heterogeneous vegetations, and 

extensive bank erosion. Hydrological data (stage and discharge), bathymetry (surveyed coupled with google 

earth), and geospatial (optical images, DEM and altimetry) have been used to set up the one-dimensional 

hydrodynamic model. Preliminary results establish that energy dissipation is significantly high (> 15 MW/km) 

close to the nodal section producing large-scale morphological variability. Bed changes at the nodal sections have 

been observed close to 2 m, and the value is more than 2 m for the discharge 70000 cumecs. A periodicity in 

channel aggradation and degradation was also observed upstream and downstream of the nodal section. Finally, 

a less amount of sediment concentration (500 mg/L) was observed near the Guwahati nodal section. Further 

analysis will be carried out to integrate sediment transport and entropy theory to understand spatio-temporal 

variability of energy dissipation at different hierarchical geomorphic units.    

Keywords: Hydrodynamic Model; Braided River; HAC-RAS; Energy Dissipation 

1. Introduction

The Brahmaputra, one of the world's major river systems, is characterized by a very high basin erosion 

rate, sediment yield, and frequent channel change. The complexity in the multi-thread channel networks 

combined with variable flow regime, irregular bed material distribution, complex flow-sediment 

mixing, and flow-vegetation interaction characterize this river as a highly braided river system. The 

morphological activity comprises bars and cut-offs formation, frequent thalweg mobility, high bank 

erosion, and floodplain stripping (Chang 1988). Hence, the morphological investigation is crucial in 

understanding the river geometry, longitudinal profile, cross-sections, and river shape changes along 

with the bed profile changes (Graf 1984; Van Rijn 1993). It is essential to study the temporal 

morphological changes (both short-term and long-term), to design future operations, project 

maintenance, and river restoration (Gore 1985; Heede and Rinne,1990; Milner 1994; Scott and Jia 2005; 

Brierley and Fryirs 2013). Numerous studies carried out in past research programs showed the 

importance of morphology in river engineering. Similarly, rivers' recovery processes are also essential 

to understand from geomorphic points of view (Pradhan et al. 2020; Fryirs et al. 2016). One of the 

popular approaches in the water resources research programs is to develop the river flow models such 

as in the areas of water management (Kachiashvili et al 2009; Zischg et al 2018), river regulation (Pinar 

et al 2010; Shen et al 2016), sediment transport (Gibson et al 2017), flood protection (Horritta et al 

2002), and several others (Rodriguez et al 2008; Drake et al 2010). Many investigations in the field of 

hydrodynamics and morphological studies have been carried out and different models are used to set-

up the river simulations such as HEC-RAS (Brunner et al 2016), CCHE2D (Jia and Wang 2001), Delft 

Sobek (Deltares 2018), SRH1D (Greimann et al 2018), MIKE 11 (DHI 2003), BASEMENT by ETH 

(Caponi et al 2017), Delft2D-Rivers (Sloff 2001), MIKE 21C (DHI 2007), and TAB-AMR 
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(Langendoen 2001b). Hydrologic Engineering Centers—River Analysis System (HEC-RAS) is one of 

the well-known river models designed for users to interact with the system through a graphical user 

interface (GUI). The HEC-RAS system is capable of steady, unsteady flow simulations, sediment 

transport analysis, and different hydraulic design calculations. The results obtained from the model can 

be used in floodplain management and river health studies (Othman et al 2014). 

This study attempts to present an integrated account of critical reaches, energy dissipation, basin 

denudation, sediment transport and channel bed changes in the Brahmaputra River. However, the 

present understanding of sediment conditions and dynamics is hindered by limited access to 

hydrological and geomorphological data, impacting predictive model management. Therefore, for 

control and management of sediment flows in the future, responses to changes in ambient conditions 

need to be predicted, especially in regions where livelihood depends on river systems and natural 

processes. This study attempts to figure out the Brahmaputra River's flow characteristics in various 

return period discharges and sediment transport behavior. 

2. Study Area

The catchment of the Brahmaputra occupies an area of 5,80,000 km2 surrounded by an almost 

continuous chain of high hills and plateaus on the north, east, and south. The Brahmaputra valley in 

Assam represents a tectono-sedimentary province 720 km long and 80-90 km wide, with elevations 

ranging from 120 m at Kobo in the extreme east through 50.5 m at Guwahati to 28.45 m at Dhubri in 

the extreme west. The river's channel occupies about one-tenth of the valley with an average width of 

8 km. The Brahmaputra valley in Assam is the home of more than 25 million people, as about 40% of 

its area is used for cultivation.  The Brahmaputra's catchment, excluding the Tibetan portion, forms an 

integral part of the monsoonal regime of Southeast Asia. The rainfall averages 230 cm annually, with a 

variability of 15-20%. The Brahmaputra River in South Asia carries one of the world's highest sediment 

loads, and the sediment transport dynamics strongly affect the region's ecology and agriculture. The 

study reach of Brahmaputra river (u/s and d/s 100 km of Guwahati nodal point) is shown in figure 1. 

Figure 1 Braided reach of the Brahmaputra between Tezpur to Guwahati (Source: Google Earth) 
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3. Methodology

In this study, an attempt has been made to develop a hydrodynamic river model to simulate the river 

flow dynamics of the study reach. The water level and discharge data set were generated and compared. 

Satellite data like Shuttle Radar Topography Mission - Digital Elevation Model (SRTM-DEM) from 

United States Geological Survey (USGS) and aerial imageries based on Google Earth images were used 

to prepare the river network distribution. The flowchart in Figure 2 shows the various steps involved in 

developing the model for the selected study reach. 

Figure 2 The flow chart showing the for the river model development methodology. 

3.1 Model 

For the hydrodynamic river modelling, the river model used was HEC-RAS (version 5.0.7). U.S. Army 

Corps of Engineers developed Hydrologic Engineering Center River Analysis (HEC-RAS). This 

software can simulate hydraulics of flow in one-dimensional steady and unsteady conditions (Siddique-

E-Akbor et al. 2011). It consists of four modules, such as steady flow water surface profile, unsteady 

flow simulation, sediment transport/movable boundary computation, and water quality analysis. The 

computational model strategy is based on the solution of a one-dimensional energy equation (Bernoulli 

equation). The energy equation considering any two cross-sections can be written as: 

𝑧1 + 𝑦1 +
∝1𝑉1

2

2𝑔
= 𝑧2 + 𝑦2 +

∝2𝑉2
2

2𝑔
+ 𝐻𝐿   (1) 

Where, 𝑧1 and 𝑧2 are elevations of the main channel inverts, 𝑦1 and 𝑦2 are depth of water at respective

cross-sections, 𝑉1 and 𝑉2 are average flow velocities, ∝1 and ∝2 are the velocity correction factors, 𝐻𝐿

is the energy loss between the cross-sections. Energy losses are related to frictional losses as well as 

due to contraction or expansion. The energy loss is given by: 

𝐻𝐿 = 𝐿𝑆�̅� + 𝐶 |
∝2𝑉2

2

2𝑔
−

∝1𝑉1
2

2𝑔
|   (2) 

Where, 𝐿 is the discharge weighted reach length, 𝑆�̅� is the characteristic friction slope between cross-

sections and 𝐶 is the expansion or contraction loss coefficient. The distance weighted reach length, L is 

computed as: 
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𝐿 =
𝐿𝑙𝑜𝑏�̅�𝑙𝑜𝑏+𝐿𝑐ℎ�̅�𝑐ℎ+𝐿𝑟𝑜𝑏�̅�𝑟𝑜𝑏

�̅�𝑙𝑜𝑏+�̅�𝑐ℎ+�̅�𝑟𝑜𝑏
  (3) 

Where, 𝐿𝑙𝑜𝑏, 𝐿𝑐ℎ, 𝐿𝑟𝑜𝑏 are reach lengths for cross sectional flow in the left overbank, main channel and

right overbank. Similarly �̅�𝑙𝑜𝑏, �̅�𝑐ℎ, �̅�𝑟𝑜𝑏 are mean of the flow between sections for the left overbank, 

main channel and right overbank. The energy dissipation (𝐸) for a river reach between two stations can 

be expressed mathematically as: 

𝑆𝑃 = 𝛾𝑄
𝐻𝐿

𝐿
  (4) 

Here, 𝑆𝑃 (Stream power) is expressed as KW/m, 𝛾 is the unit weight of water (N/m3), Q is discharge 

(m3/sec), 𝐻𝐿 is the head loss (m) and 𝐿 is the length of river reach between stations (m). Similarly, the

USP (Unit stream power) is computed in terms of W/m2. 

𝑈𝑆𝑃 =  𝑆𝑃/𝑊    (5) 

where W is width of channel in m. 

HEC-RAS uses several input parameters for hydraulic analysis of the stream channel geometry and 

water flow. These parameters are used to establish a series of cross-sections along the stream. In each 

cross-section, the stream bank’s locations are identified and used to divide into segments of the left 

floodway, main channel, and right floodway. At each cross-section, HEC-RAS uses several input 

parameters to describe the shape, elevation, and relative location along the stream, such as: 

a) River station (cross-section) number

b) Lateral and elevation coordinates for each (dry, unflooded) terrain point

c) Left and right bank station locations

d) Reach lengths between the left floodway, stream centerline, and right floodway of

adjacent cross-sections

e) Manning's roughness coefficients- Several factors affect the Manning's Coefficient (n)

value, such as the type, materials size that composes the channel's bed and channel's

banks, and the channel shape,

f) Channel contraction and expansion coefficients

HEC-RAS assumes that the energy head is constant across the cross-section and the velocity vector is 

perpendicular to the cross-section after defining the stream geometry and flow values for each reach 

within the river system. The channel geometric description and flow rate values are the primary model 

inputs for the hydraulic computations. The basic computational procedure is based on the iterative 

solution of the energy equation. Figure 3 shows the geometry profile of the study reach developed 

through the RAS-mapper. 

Figure 3 RAS-Geometry of the study reach used in the simulation 
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4. Results and Discussions

The model used in this study as discussed, was set-up and the simulation was done for the selected study 

reach. The channel geometric description and flow rate (Discharge) values are the primary model inputs 

for the hydraulic computations. The basic computational procedure is based on the energy equation's 

iterative solution, as described in section 3.1. The HEC-RAS modelling simulation was done for the 

mixed flow regime (subcritical, supercritical, critical, drawdown). For the setup of model, the RISE 

Model simulated discharge data for the year 2004-2012 was used (Dutta et al. 2003). The Manning's 

roughness coefficient was one of the vital constraints for the RAS model setup's calibration. The study 

reach considered here has similar grain size properties. Therefore for this study, equivalent Manning's 

roughness value ranged from 0.012 to 0.035 (Pradhan et al. 2019) has been considered, more 

specifically 0.012 for bed and 0.03 for bank. There are a lot of methods to set-up a RAS model. In this 

study the RAS model was developed using "SRTM RAS Model with Hydrologic Model-based 

Boundary Flow Data." The model set-up described represents the HAC-RAS set-up, which has used 

the river bathymetry data for the study reach extracted from the SRTM DEM and then incorporated 

with the model derived discharge data. For understanding the morphodynamics of a river system, it is 

necessary to recognize the driving force (variability of energy) i.e, the distribution pattern of stream 

power. Numerous studies were carried out to understand the variability in the stream power (Lawler 

1992, 1995; Lecce 1997; Knighton 1999; Fonstad 2003; Reinfelds et al. 2004; Jain et al. 2006; Phillips 

and Slattery 2007). Some of the research concluded that the stream power and unit stream power 

illustrates a non-linear downstream variability (Graf 1983; Magilligan 1992). In the 1-D HEC-RAS 

model, steady discharges of 30,000 cumec, 50,000 cumec and 70,000 cumecs were adopted as the 

driving force for the simulation of the quasi-steady-state Brahmaputra River. This is because, for a large 

braided river like Brahmaputra, the peak floods are the major geomorphic egents of planform 

adjustments, large scale erosion-deposition mechanism. It should be noted that these peak floods are of 

maximum geomorphic potential and best suited for understanding the hierarchical energy dissipation in 

a braided river.  
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Figure 4 Variation of Stream Power, Unit Stream Power, Suspended Sediment Concentration (SSC) 

with the change in bed elevation and channel width variation for different river cross-sections. (a) 

variation for discharge of 30000 cumec, (b) variation for discharge of 50000 cumec, (c) variation for 

discharge of 70000 cumec, (d) variation with channel width with river station 

Figure 4 shows the graphical comparison of stream power, unit stream power, suspended sediment 

concentration (SSC) and bed elevation change for different river stations for three different discharges 

[(a) for discharge at 30000 cumecs, (b) at 50000 cumecs, (c) 70000 cumec].  The study reach was taken 

as 100 km upstream of Guwahati and 100 km downstream of Guwahati. It can be seen that the variability 

of stream power is high at upstream of Guwahati as compare to downstream [Fig. 4. (a), 4. (b), 4. (c)]. 

Based on this observation, the energy can be classified as low at the downstream and comparatively 

high at the upstream reach of nodal point Guwahati. This stream power variation is controlled through 

the channel geometry (slope variation) and also the flow (discharge) variation. The upstream reach is 

characterized by the higher slope (on an average of 0.0003 m/m) and results in higher stream power 

values (average of 48 KW/m). But for the downstream reach, the average value of the slope is about 

0.0001 and which results in the comparative lower stream power values (average of 38 KW/m). The 

channel's narrowing gradually increases from upstream reach towards Guwahati station, which results 

in higher unit stream power (specific stream power) (about 847 W/m2). One interesting comparison can 

be seen in fig. 4 (a), (b), and (c) that, increase in bed elevation (for deposition process) at the extreme 

end of upstream reach was observed, and that is due to the low energy of the stream, and then gradually 

it increases as the slope variability increases. This may be due to many tributaries feed the sediment to 

the main Brahmaputra river channel. After a certain distance (near to 30.2 stations), the erosion process 

happened as the slope variation increases, and hence the energy of the flow increases. This process 

gradually decreases towards the downstream of reach as shown in figure except near the Pandu station 

(station 22.2). The anthropogenic disturbance and tributary confluences are those peripheral aspects 

which control the overall pattern of stream-power distribution. The channel morphology depends on the 

stream power and unit stream power (i.e the energy variation) of the flow and the sediment transport 
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process in the active channel. The SSC variation as shown in the figure clearly indicated that for the 

upstream reach, SSC variation is comparatively high than the downstream reach for all the different 

discharges. After the Guwahati station (Station 22.2, pandu) there is no considerable variation in SSC. 

From figure 4 (d), it can be clearly observed that the channel is highly morphologically active in both 

upstream and downstream of the Guwahati, while at this nodal station, the channel becomes the 

narrowest with the highest unit stream power value for all three discharge conditions. The variation in 

the width can be seen more in the downstream of the reach and the highest value of width (17152.87 

m) for the discharge 70000 cumec was observed in this region (Station 18). But for discharge 30000

cumec, the highest channel width (13260.61 m) was observed at upstream of the reach (station 30).

Similarly, at this station, also for discharge 50000 cumec, the highest channel width (12644.51 m) was

observed.

5. Conclusions

This study highlights the morphological activities of the 200 km reach of Brahmaputra. Stream power 

distribution patterns are used in this study to describe the process for different series of quasi discharges. 

Distribution in-unit stream power for those conditions is also being analyzed to study the energy flow 

within the study reach. The erosion-deposition magnitudes are also being reported, which shows that 

the end of the upstream reach is rigorously active. But the process is comparatively low in the down-

stream reach. A cycle has been observed in the erosion-deposition process throughout the study reach 

for all the quasi-steady discharges. The nodal location at Pandu shows the high fluctuation in bed 

change, whereas the mass change is comparatively less. This station has the higher unit stream power 

value, which is about 847 W/m2 as the narrowest channel observed at this location. The variation in 

Suspended Sediment Concentration (SSC) shows higher magnitude at the upstream end of the study 

reach. In contrast, its magnitude is comparatively low for the downstream reach as the erosion-

deposition process becomes negligible. More detailed cross-sectional data can help for the better 

simulation of model, resulting in the significance of the distribution of governing parameters. Other 

natural factors that control the dynamics of a channel morphology at different scales have to be 

incorporated for better understanding of the morphological processes. 
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Abstract 
Discharge measurement is of prime importance for management and distribution of water resources. 

Measurement of local velocities within a gauging section is carried out by conventional rotating element and 

non rotating type current meter. Now days, various type of sophisticated portable and non portable equipments 

are being used for measurement of velocity like  Paddle Wheel, Electromagnetic Current Meter, Acoustic 

Doppler Current Profile and Contact Free Radar Sensor. These equipment's shall be validated or calibrated as 

per ISO 3455/BIS 13371 using rating trolley.  

The paddle wheel is a portable instrument which is continuously in use at site for observing and recording the 

data related to stream velocity. The paddle wheel under test has Hall Effect type of sensors consisting of a freely 

rotating wheel/impeller with embedded magnets which is perpendicular to the flow and will rotate when inserted 

in the flowing medium. As the magnets in the blades spin past the sensor, the paddle wheel meter generates a 

frequency and voltage signal which is proportional to the flow rate. A magnetic or an optical sensor detects the 

movement of the paddle wheel and relays the information. It gives direct digital readout of velocity of water at 

the measuring point. 

The current meter rating trolley (CMRT) at CWPRS, Pune is having precise electronic drive and speed control 

system and on board computerized data acquisition and processing system so as to achieve wider speed range of 

0.01m/s (10 mm/s) to 6 m/s and uncertainties in measurements of calibration parameters within 0.1% at 95% 

confidence level. For performance testing, these equipments are attached to rigid rod by specially developed 

bracket at the rear side of the trolley. The paddle wheel under test is towed by the trolley at a number of steady 

trolley speeds. The trolley speed and the corresponding paddle wheel speed shown on the display unit is noted 

and compared to know the error in measurement. Performance testing has indicated that velocity of the paddle 

wheel under test is within specified accuracy limit of  0.13 m/s as given by the manufacturer in the velocity 

range of 0.5 m/s to 3.2 m/s  

Keywords: Paddle Wheel Current Meter, Current Meter Rating Trolley, Hall Effect sensor. 

1. Introduction

The precise measurement of flow is a requirement for water resources planning, pollution prevention, 

and flood control. There are numerous techniques and instruments for measuring flow rates in open 

channels. Measurement of local velocities within a gauging section is measured by conventional 

rotating and non rotating element type current meters. The rotating type paddle wheel current meters 

is one such instrument. For rotating type current meters, the process of experimental determination of 

the relationship between velocity of flow and the rate of revolutions of its rotor is known as 

calibration. For calibration/performance testing, instrument is suspended from the rating trolley by a 

rigid rod and drawn through still water contained in the tank at a number of steady speeds of the 

trolley. The velocity indicated by its display unit is compared with the corresponding trolley speed to 

know the error in the measurement.  Accuracy of velocity measurements using current meters depends 

largely on precision of rating facility. The International Standards ISO 3455: 2007 and Indian Bureau 

of Standards IS 13371: 2014 specify the procedure of calibration of current meters in a Rating Tank.  

The paddle wheel is a portable instrument which is continuously in use at site for observing and 

recording the data related to stream velocity. Due to its simple construction and easy in installation, it 

is widely used in the clean water open channel. The paddle wheel sensor consists of a freely rotating 

wheel/impeller with embedded magnets which is perpendicular to the flow and will rotate when 

inserted in the flowing medium. As the magnets in the blades spin past the sensor, the paddle wheel 

meter generates a frequency and voltage signal which is proportional to the flow rate. The paddle 

wheel probe is in contact with the process fluid and, as the fluid flows, it makes the paddle wheel 
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rotate at a speed proportional to the flow rate. A magnetic or an optical sensor detects the movement 

of the paddle wheel and relays the information. It gives direct digital readout of velocity of water at 

the measuring point. Performance testing of paddle wheel current meter is carried out using Current 

Meter Rating Trolley (CMRT) to assess their specific accuracy and error in measurement. Periodical 

calibration of the paddle wheel is necessary to compare its performances with standards to estimate 

precision and consistency. 

2. Calibration / performance testing of current meters

Accuracy of speed measurements largely depends on precision of calibration. To achieve precision in 

calibration, special facilities and expertise are required. The best way of calibration of a current meter 

is to tow the current meter in still water at known velocities. Calibration of current meters in straight 

open tank (called as Rating Tank) is an internationally accepted practice. The International Standards 

ISO 3455: 2007 and Indian Bureau of Standards IS 13371: 2014 specify the procedure of calibration 

of current meters in Rating Tank. The major components of this system are a straight open tank of 

adequate length and uniform cross section, a rating trolley (carriage) traveling on two parallel rails 

accurately aligned with the length of the tank and the equipment for measuring calibration parameters. 

During calibration/ performance testing, the current meter is suspended from the trolley and drawn 

through still water contained in the tank at a number of steady speeds of the trolley. The rotating 

element of a current meter is driven by the fluid at an angular velocity which is proportional to the 

local velocity.  Simultaneous measurements of the speed of the trolley and the rate of revolution of the 

rotor or the velocity indicated on the display unit of the meter are made. In case of rotating element 

current meter, the two parameters are related by one or more equations in its operating zone. The 

velocity of fluid is determined by counting the number of revolutions of the rotor during a specified 

time interval or by observing the time required by the rotor to turn a given number of revolutions and 

constitute the calibration table or rating equation. In case of the direct reading rotating current meter 

like paddle wheel, it is also suspended from the trolley and drawn through still water contained in the 

tank at a number of steady speeds of the trolley. During the steady speed of rating trolley, the 

corresponding paddle wheel velocity indicated by its display unit is compared to know the error in 

measurement.   

3. Current meter calibration facility at CWPRS

CWPRS has a Rating Tank Facility, which was established in 1955 for testing of  the ship models as 

well as  the calibration of current meters. Figure 1 show Current Meter Rating Trolley (CMRT) at 

CWPRS. The tank is 228 m long, 3.66 m wide and 2.13 m deep. It is constructed in RCC below floor 

level in a covered building 248.7 m long, 7.6 m wide and 5 m high. The rating trolley is self propelled 

type which runs on two parallel straight steel rails 4.267 m apart, accurately aligned with the length of 

the tank.  The trolley is moved along the track by on board electric servomotors. The power to the 

driving motors of the trolley is fed by 440 Volts, 50 Hz overhead conductor system. 

The trolley is operated with fully automated control system by incorporating precise electronic drive 

speed control system, real time on board computerised data acquisition and processing system so as to 

achieve wider speed range of 0.01 m/s (10 mm/s) to 6 m/s. The uncertainties in measurements of 

calibration parameters are within 0.1% at 95% confidence level. Provision of optical encoder is made 

on the distance measuring wheel of the trolley for precise measurement of distance covered by trolley 

during calibration run. Data acquisition software acquires simultaneous data for distance covered by 

trolley, time and pulse output of each current meter under test during each calibration run. The 

velocity of fluid movement may be determined from the sensing of signals emitted (such as electrical 

pulses) through the rotation of the rotor. The velocity may also be determined from a direct reading of 

the speed of rotation of the rotating element by means of equipment designed for this purpose. 
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4. Components and technical specification of paddle wheel

Paddle wheel consists of (a) sensing head- Paddle wheel (b) control unit (display unit) (c) means of 

suspension (d) signal cable and (e) battery. A paddle wheel is equipped with a magnetic sensor which 

is embedded in the tip of each paddle. The passage of the magnets is detected by the sensor which 

generates a signal at a frequency proportional to the rotation speed of the paddle wheel (thus it is also 

proportional to the velocity of the fluid). Typically, there are two types of sensor used for this 

purpose; pickup coil and Hall Effect sensor. The paddle wheels under test are of Hall Effect sensors 

type. A Hall Effect sensor can measure directly the intensity of a magnetic field and produce an 

output voltage proportional to the magnetic field intensity.  The working principle of Hall Effect 

sensor is that, when a conductor with current flowing in one direction is introduced perpendicular to a 

magnetic field, a voltage could be measured at right angles to the current path. The control unit of 

paddle wheel detect a response signal from the sensing head and integrate or average the 

instantaneously sensed signal and display the velocity digital form. 

 The paddle wheel under test has the model PW – 42-1803 and its control unit model is DU 42-1803. 

Figure 2 and Figure 3 show the paddle wheel and its display unit respectively. Detailed technical 

specifications  of paddle wheel is as given in Table 1 

Figure 1 Current Meter Rating Trolley (CMRT) at CWPRS. 

Figure 2 Paddle wheel current meter 

Paddle Wheel 

sensor

Figure 3 Paddle wheel display unit 
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Table 1: Technical specifications of paddle wheel 

1. Velocity range : 0.5 m/s to 5.0 m/s 

2. Sensor Type : Hall Effect 

3. Accuracy : +/- 0.13 m/s 

4. Operating temperature : 0 to 55C max. 

5. Velocity sensor :Telescopic three sections with external cable, handle and 

forearm resting bracket with Guy-wire rope 

6. Display : LCD display with back lighting 

7. Power Requirement : 3.7 V DC, 2200mAH Li-ion battery 

5. Working principle of the paddle wheel

The Paddle wheel current meter is based on mechanical measurement principle as shown in Figure 4. 

According to which, the flow velocity of a fluid is proportional to the speed of the paddle wheel 

populated with stainless steel needles picked up by the proximity sensor using the magnetic needles 

and the Hall Effect. It consists of three primary components: the paddle wheel sensor, the pipe fitting 

and the display/controller. Its sensor consists of a freely rotating wheel/impeller with embedded 

magnets which is perpendicular to the flow and will rotate when inserted in the flowing medium. This 

sensor can measure directly the intensity of a magnetic field and produce an output voltage 

proportional to the magnetic field intensity. As the magnets in the blades spin past the sensor, the 

paddle wheel meter generates a frequency and voltage signal which is proportional to the flow rate. 

The faster the water flows, the higher the frequency and voltage output. 

6. Experimental set up

For performance testing of the paddle wheel, it is suspended on a rigid rod at the rear side of the 

current meter rating trolley by fixing with special bracket assembly. Figure 5 shows the experimental 

set up. The rod holding the paddle wheel is lowered in the water so that it is fully submerged in the 

water. Sufficient depth and tranquil condition is maintained while tests run are taken. As the trolley is 

moved at specific speed, the paddle wheel is towed in the same direction of motion and at same 

Figure 4 paddle wheel principle 
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velocity of the trolley. The speed of the trolley and the velocity reading indicated by display unit of 

the paddle wheel are noted simultaneously. 

7. Test procedure

The procedure for performance testing of the paddle wheel using CMRT facility is as follows; 

(i) Paddle Wheel is attached to a rigid rod by specially developed bracket and connects to the

control unit by the sensor cable. Then immersed it in water at a sufficient depth.

(ii) The control unit recognized the sensor and its direction of movement. It also checks the zero

velocity at initial when water in the tank is tranquil.

(iii) Run the trolley at a constant speed in manual mode. When the trolley is running at set

constant speed, observe the corresponding velocity indicated by the display unit of paddle

wheel.

(iv) Run the trolley at various speeds within the speed range of 0.5 m/s to 3.2 m/s as specified

by the manufacturer for performing testing and the corresponding velocity of the paddle

wheel is noted.

(v) Every travel of trolley, the water stilling time is observed and zero velocity is checked.

(vi) Prepare set of observations of the trolley velocity, VT and the corresponding velocity of the

paddle wheel indicated by the read out unit, VP and prepare the table in difference in

velocities to evaluate the error in velocity measurement.

8. Test results

The performance testing of these paddle wheels are carried out in the specified velocity range of 0.5 

m/s – 3.2 m/s using CMRT Facility are given in Tables 2 – 9 

Figure 5 Experimental Set Up 

Display Unit 

Signal Cable 

Rigid Rod 

Suspension

Paddle Wheel 

Sensor
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Table 2-9: Comparison of trolley velocity and paddle wheel velocity 

Table 2 Table 3 

Sensor Model No. & Sr. No. PW-42-1803-02 Sensor Model No. & Sr. No. PW-42-1803-03 

Display Model No. & Sr. No. DU-42-1803-02 Display Model No. & Sr. No. DU-42-1803-03 

Trolley 

Velocity 

Velocity indicated 

on Display unit 

VT -  VP Trolley 

Velocity 

Velocity 

indicated on 

Display unit 

VT -  VP 

VT  (m/s) VP(m/s) Vd (m/s) VT  (m/s) VP (m/s) Vd (m/s) 

0.520 0.513 0.007 0.520 0.512 0.008 

0.703 0.705 -0.002 0.703 0.702 0.001 

1.020 1.060 -0.040 1.020 1.015 0.005 

1.220 1.216 0.004 1.220 1.220 0.000 

1.509 1.507 0.002 1.509 1.505 0.004 

1.714 1.718 -0.004 1.714 1.713 0.001 

2.010 2.010 0.000 2.010 1.993 0.017 

2.370 2.370 0.000 2.370 2.390 -0.020

2.743 2.732 0.011 2.743 2.735 0.008 

3.101 3.024 0.077 3.101 3.107 -0.006

Table 4 Table 5 

Sensor Model No. & Sr. No. PW-42-1803-04 Sensor Model No. & Sr. No. PW-42-1803-05 

Display Model No. & Sr. No. DU-42-1803-04 Display Model No. & Sr. No. DU-42-1803-05 

Trolley 

Velocity 

Velocity 

indicated on 

Display unit 

VT -  VP Trolley 

Velocity 

Velocity 

indicated on 

Display unit 

VT -  VP 

VT  (m/s) VP(m/s) Vd (m/s) VT  (m/s) VP (m/s) Vd (m/s) 

0.504 0.565 -0.061 0.516 0.512 0.004 

0.749 0.856 -0.107 0.709 0.710 -0.001

1.008 1.077 -0.069 1.020 0.996 0.024 

1.292 1.270 0.022 1.292 1.290 0.002 

1.506 1.503 0.003 1.506 1.515 -0.009

1.714 1.710 0.004 1.714 1.713 0.001 

2.010 2.118 -0.108 2.010 2.020 -0.010

2.293 2.346 -0.053 2.293 2.336 -0.043

2.529 2.550 -0.021 2.529 2.554 -0.025

2.713 2.720 -0.007 2.713 2.707 0.006 

3.015 3.012 0.003 3.015 3.046 -0.031

Table 6 Table 7 

Sensor Model No. & Sr. No. PW-42-1803-06 Sensor Model No. & Sr. No. PW-42-1803-07 

Display Model No. & Sr. No. DU-42-1803-06 Display Model No. & Sr. No. DU-42-1803-07 

Trolley 

Velocity 

Velocity 

indicated on 

Display unit 

VT -  VP Trolley 

Velocity 

Velocity 

indicated on 

Display unit 

VT -  VP 

VT  (m/s) VP (m/s) Vd (m/s) VT  (m/s) VP (m/s) Vd (m/s) 

0.500 0.500 0.000 0.500 0.508 -0.007

0.706 0.726 -0.020 0.706 0.703 0.003 

1.110 1.116 -0.006 1.110 1.046 0.064 

1.216 1.212 0.004 1.216 1.220 -0.004

1.540 1.516 0.024 1.540 1.548 -0.008

2.007 2.005 0.002 2.007 2.014 -0.007

2.212 2.187 0.025 2.212 2.200 0.012 

2.508 2.500 0.008 2.508 2.513 -0.005

2.710 2.707 0.003 2.710 2.710 0.000 

3.212 3.208 0.004 3.212 3.226 -0.014
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Table 8 Table 9 

Sensor Model No. & Sr. No. PW-42-1803-08 Sensor Model No. & Sr. No. PW-42-1803-09 

Display Model No. & Sr. No. DU-42-1803-08 Display Model No. & Sr. No. DU-42-1803-09 

Trolley 

Velocity 

Velocity 

indicated on 

Display unit 

VT -  VP Trolley 

Velocity 

Velocity 

indicated on 

Display unit 

VT -  VP 

VT  (m/s) VP (m/s) Vd (m/s) VT  (m/s) VP (m/s) Vd (m/s) 

0.519 0.536 -0.017 0.519 0.532 -0.013

0.706 0.707 -0.001 0.706 0.708 -0.002

1.012 1.022 -0.010 1.012 1.028 -0.016

1.201 1.203 -0.002 1.201 1.202 -0.001

1.503 1.504 -0.001 1.503 1.503 0.000 

2.019 2.045 -0.026 2.019 2.017 0.002 

2.201 2.205 -0.004 2.201 2.177 0.024 

2.520 2.515 0.005 2.520 2.480 0.040 

2.713 2.700 0.013 2.713 2.670 0.043 

3.200 3.160 0.040 3.000 2.940 0.060 

9. Conclusion

(i) Performance testing of the paddle wheel is necessary to compare it with standards to estimate

precision and consistency.

(ii) Performance testing of peddle wheel have indicated that velocity displayed by the paddle

wheel under test is within specified accuracy limit of ±0.13 m/s as specified by the

manufacturer in the velocity range of 0.5 m/s to 3.2 m/s.

(iii) Ensured that the paddle wheel shall be tested in its entirety, as a matched set of sensing head,

control electronics and signal cable. If any of these is changed, re-calibrate with the new set.

(iv) It is recommended to undertake and keep record of the outcome of periodic zero offset test by

deploying the meter in still water.

(v) Paddle wheel is simple in construction and easy in installation, it is widely used in the clean

water open channel .However it has limitations in measurement in   dirty and highly viscous

water.

(vi) Considering the requirement of repeatability and consistency in precision, it is advisable to

test the performance of these paddle wheels periodically.
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Abstract 

A hydrologic model is a simplification of a real-world system that aids in understanding, 

predicting, and managing water resources. In this study, an attempt has been made to simulate 

streamflow on daily and monthly basis, along with calibration for evapotranspiration using 

satellite based data in a SWAT model. The SRTM DEM of 90m resolution has been used for 

the study. The model is successfully calibrated and validated using SWAT-CUP with 

Sequential Uncertainty Fitting Principle (SUFI2) algorithm for the years 1981-1995 and 1996-

2015 respectively. The MODIS ET data was obtained from Application for extracting and 

Exploring Analysis Samples (AppEEARS).The overall R² value obtained is 0.8 and the Nash–

Sutcliffe efficiency obtained 0.75 which shows that the SWAT model is good in predicting 

streamflow in the Nethravathi basin. 

Keywords: SWAT,Hydrological modelling,SWAT- CUP 

1. INTRODUCTION

Hydrological model is the mathematical model, which describes the physical process of water 

cycle in a river basin or any representative elements. The hydrological models can be applied 

on different scales, ranging from local to global scale. At the catchment scale, the hydrological 

cycle conceptually describes water balance associated with the processes taking place in the 

stream channels. 

SWAT is a river basin, or watershed, scale model which has the capableness to simulate both 

the spatial heterogeneity and the physical processes occurring within smaller modeling units, 

known as hydrologic response units (HRU) for the sustainable planning and management of 

surface water resources of rivers(Owabi et al. 2019)The SWAT model has been widely accepted 

model as a cost effective tool because of its advanced model configuration and impressive 

function such as modeling the scarce data regions and evaluating various scenes and 

agricultural managements. Abbaspour et. al (2016) focused on calibration and uncertainty 

analysis highlighting some serious issues in the calibration of distributed models. And a 

protocol for calibration is also highlighted to guide the users to obtain better modelling results. 

In the study, the watershed is delineated using ArcGIS and the rainfall runoff study is conducted 

using ArcSWAT for daily as well as monthly data. The SWAT-CUP(SWAT Calibration and 

Uncertainty Programs) uses various algorithms for calibration and validation like SUFI2, PSO, 
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GLUE, Parasol etc. It can be used for calibration, validation, sensitivity analysis, uncertainty 

analysis of SWAT Model  (Perazzoli et al 2013). The model performance is assessed by 

statistical parameters such as Nash Sutcliffe Efficiency (NSE),Percentage Bias(PBIAS) and 

Coefficient of Determination(R2 ) .

2. STUDY AREA

The Nethravathi river originates at Bellaraya durga in the (Dakshina Kannada) 

Chikkamagaluru district at an altitude of 1000 m. It is one of the most important west-flowing 

rivers in Karnataka. The geographical location of the Nethravathi river basin lies between 

12°29′11″ to 13°11′11″N latitudes and 74°49′08″ to 75°47′53″ E longitudes. The Nethravathi 

River originates in the south of Samse village in the Western Ghats of Karnataka state. Average 

rainfall over the Nethravathi basin is 3,930 mm. The south-west monsoon period is the coolest 

part of the year with the mean daily temperature below 20°C. The weather is highly humid all 

through the year, exceeds 85% during southwest monsoon. 

Figure1: Location of the Nethravathi river basin 

3. MATERIALS AND METHODOLOGY

The data used for this work is given in Table 1. SWAT input data included preparation of 

Digital Elevation Model (DEM),soil data and LU/LC data and meteorological data . The LULC 

for the year 2015 was prepared by using maximum likelihood classification of LandSAT 

images on GIS platform and the soil data was obtained from FAO-HYSD. Meteorological data 

including precipitation was obtained from IMD. The MODIS ET data was downloaded from 

Application for extracting and Exploring Analysis Samples (AppEEARS), reclassified and 
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processed in QGIS. The sensitivity analysis was performed to determine the most sensitive 

parameters for the given watershed. 

Table 1 Data sources 

DATA Resolution Time 

Period 

Source Purpose 

Conventional 

data 

Meteorological 

data 

0.25x0.25 1981-

2015 

Indian Meteorological Department Input for SWAT 

Streamflow data Daily 1981-

2015 

Central Water Commission, India For calibration 

and validation of 

SWAT 

Soil map 2012 Food and Agriculture Organization(FAO 

2012) 

Analysis in 

SWAT 

Remote sensing 

data 

LULC 30m X30m 2015 LANDSAT Analysis in 

SWAT 

DEM 90m USGS(https://earthexplorer.usgs.gov/) Watershed 

delineation and 

analysis in SWAT 

Evapotranspiration 500m 2000-

2015 
Application for extracting and 

Exploring Analysis Samples 

(AppEEARS) 

Calibration of 

actual 

evapotranspiration 

Figure 2 a) Soil map of study area b) LULC map of study area 

SWAT-CUP has been used  for calibration, validation, sensitivity analysis, uncertainty analysis 

of SWAT Model. SWAT-CUP includes parallel processing, visualization of outlet location 

using Bing Map, creation of multi objective function, extraction and calculation of 95 PPU for 

all variables. The SUFI2 clubs together uncertainty analysis along with calibration.The 

calibration was done for the period of 1981-1995 and validation for a period of 1996-2015 with 
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a warm up period of three years. The performance of the calibrated SWAT model was assessed 

using Nash-Sutcliffe coefficient (NS), coefficient of determination(R2)and percent bias 

(PBIAS). 

4. RESULTS AND DISCUSSION

4.1 Sensitivity Analysis: 

The sensitivity analysis has been carried out for identifying the key parameters required for 

model calibration. There are more than 40 parameters influencing surface water in SWAT 

among which 21 parameters were shortlisted depending on the sensitiveness of the parameters 

towards the objective of the study.Out of which 8, were ultimately chosen for model 

calibration. In this study, Global sensitivity analysis was performed using SWAT-CUP. This 

method uses t-stat and P-values for determining the sensitivity of each parameter. 

Table 1  Range of Parameters and the fitted values 

4.2. Model Calibration : 

The total years of simulation chosen are 35 years (1981-2015). The calibration has been carried 

over a period of 15 years (1984-1995), with 3 years of warm up period (1981-1983). The total 

number of sub basins and hydrological response units (HRU) formed are 27 and 107 

respectively. In this study, R2 and NSE are considered as evaluation criteria. The outlet of the 

drainage area, i.e.,Bantwal gauging station is used calibration for stream flow. The figures 

represent the scatter plot of monthly and daily  mean simulated streamflow versus observed 

streamflow during the calibration period from 1984-1995 respectively. A line on the graph 

Sl 

No 

Parameter 

Name 

Fitted value Minimum 

value 

Maximum 

value 

1 r__GWQMN.gw 0.370000 0.300000 0.50000 

2 r__REVAPMN.gw 0.500000 0.000000 100.0000 

3 r__CN2.mgt 0.375600 0.178020 0.462308 

4 v__ALPHA_BF.gw 0.150488 -0.010768 0.431028 

5 v__CH_N2.rte 0.242641 0.147077 0.389011 

6 v__CH_K2.rte 134.728790 96.083511 142.926270 

7 v__ESCO.hru 0.823742 0.822170 0.885056 

8 r__GW_DELAY.gw 37.549999 30.000000 40.0000 
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indicates statistical trend line which obtained from plot among observed and simulated monthly 

stream flows shows better correlation values. 

Figure 3 Scatter plot for a)monthly b)daily simulated streamflow vs observed streamflow during 

calibration period (1984-1996) 

Figure 4: Daily rainfall variations 
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Figure 5   Time series Hydrograph of monthly simulated flow and observed flows during calibration 

period (1984-1995) 

Figure 6  Time series Hydrograph of daily simulated flow and observed flows during calibration 

period (1984-1995) 

The graph clearly indicates the peak occurs in the monsoon season. The graph shows the 

variation of discharge during the considered time period. 

4.3. Model Validation : 

Validation period has been selected as 1996-2015 (20 years). The figure  shows the scatter plots 

of simulated flows and observed flow during validation period. The plot is between observed 

and simulated monthly stream flows showed better correlation value along with the trend line. 

The statistical indicators R2 and NSE is found to be 0.8 and 0.75 respectively when monthly 

data is observed and for daily data the corresponding values for the validation period are 0.52 

and 0.51 
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Figure 7  Scatter plot for monthly simulated streamflow vs observed streamflow during validation 

period (1996-2015) 

Figure 8  Time series Hydrograph of monthly simulated flow and observed  flows during validation 

period (1996-2015) 
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Figure 9 Time series Hydrograph of daily simulated flow and observed  flows during validation 

period (1996-2015) 

4.4. Statistical Indicators: 

The performance of any mathematical model will be assessed by statistical parameters such as 

Nash-Sutcliffe model Efficiency coefficient (NSE), the coefficient of determination (R2), and 

Root mean square error (RMSE). 

 Nash – Sutcliff efficiency (NSE): 

𝑁𝑆𝐸 = 1 − ∑i
n (obs i − simi )

2

∑i
n  (obs i –simmean )

2 

Where i = time step; n = total number of simulated time steps; obsi and simi= the observed and 

simulated values of streamflow; and simmean = Mean of the observation 

for the simulated time period. For a satisfactory model, NSE must be greater than 0.5 

For a good model,NSE must be greater than 0.75. 

Percentage bias (PBIAS): 

PBIAS-percentage bias is the deviation of the results from the observations expressed as 

percentage. 

• PBIAS=[Σt=1 (obs i – simi )*100]/Σt=1  obs i ]

• NSE does not tell the extend whether your model is underestimating or

overestimating. For an ideal model,PBIAS=0.If PBIAS>0 depicts

underestimation. If PBIAS<0,it depicts overestimation of model.

Co-efficient of Determination (R2): 

Coefficient of determination instances the proportion of the total variance, defined by the 

equations. Its range is from 0.0 to1.0, where better agreement is indicated by higher value. Also 

0.5 is considered as satisfactory. 
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Table 2 Observed statistical indicator values 

CALIBRATION VALIDATION REMARKS 

MONTHLY DAILY MONTHLY DAILY 

R2 0.79 0.52 0.8 0.52 Good 

NSE 0.76 0.50 0.75 0.51 Satisfactory(daily) 

Good(monthly) 

PBIAS 15.86 13.81 17.22 14.99 underestimated 

4.4. Calibration for evapotranspiration using satellite based data : The MODIS ET data was 

downloaded from Application for extracting and Exploring Analysis Samples (AppEEARS), 

reclassified and processed in QGIS. The Nethravathi basin  was delineated for setting up the 

watershed. The area sample can be extracted either by drawing a vector polygon or by 

uploading the zipped shapefile of the study area. The data downloaded are further reclassified 

and summed to find the total evapotranspiration using raster calculator. The ET data is rescaled 

by 0.1 so that the data obtained is in mm. The data was used for the calibration of 

evapotranspiration in the SWATCUP  for further analysis. 

5. CONCLUSIONS :

The overall R² value obtained is 0.8 and the Nash–Sutcliffe efficiency obtained 0.75 which 

shows that the SWAT Model is good in predicting streamflow in the Nethravathi basin 

subbasin. All the actual and simulated discharges show a positive correlation from which it can 

be deciphered that the simulation is feasible. From the study conducted in the Nethravathi 

basin, it can be concluded that the SWAT Simulation gives almost accurate results which also 

depends on the accuracy of the input data. After uncertainty analysis it was found that the 

simulated results are very much certain by bracketing 76% of simulated flows to observed 

flows with thickness of 0.89 of the 95PPU band. More information about the watershed can 

possibly show an improvement in results. The efficiency of model for ET calibration can be 

improved and validation can be done for evapotranspiration data alone .The model calibration 

can be performed for ET and discharge and can be used for further analysis. 
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Abstract 

The continuous application of untreated municipal and industrial wastewater to land poses a major 

environmental concern. Contaminants leach through the vadose zone and may eventually lead to deterioration of 

groundwater quality. This study was carried out on a contaminated site in Laksar, Uttarakhand, India. The 

Hydrus 1D numerical modeling software was used to simulate solute transport in the unsaturated zone for the 10 

year simulation period. In this study soil samples under wastewater application were studied up to 90 cm. Heavy 

metals (Cd, Cu, Zn, Ni, Pb) concentration in the wastewater was measured and given as an initial concentration 

on the soil profile. The trace metals concentrations were determined from each soil layer and compared with the 

simulated concentration after simulation period. Results from the simulations show that higher concentration of 

contaminants was accumulated in the top soil layer and gradually decreases along the unsaturated zone. 

Significant concentrations of heavy metals found in the bottom of the soil profile taken, which poses a risk of 

polluting shallow groundwater table underneath. Simulated values show a good agreement with the observed 

values with a coefficient of determination varies from 0.94 to 0.99 and index of agreement varies from 0.96 to 

0.99. This study shows that Hydrus 1D model can be applied to determine the leaching process of heavy metals 

in the vadose zone and anticipate arrival time to a specified depth. 

Keywords: Leaching; Hydrus 1D; Heavy metals; vadose zone 

1. Introduction

Industrial waste water requires timely treatment and safe disposal to cause least environmental 

concern. With the mushrooming of various industries and absence of stringent implementation of the 

rules framed for disposal of waste water, surrounding environment affected and important sources of 

water like surface water sources (river, lakes) and sub-surface water sources polluted. Continuous 

application of contaminated waste water resulted in leaching of contaminants into the vadose zone 

and may join the unconfined aquifer which results in contamination of groundwater. The unsaturated 

zone lies between ground surface and water table plays an important role in transport of contaminants. 

So, the study of vadose zone modeling gives an insight about the possibility and extent of leaching of 

organic and inorganic contaminants including pesticides, nutrients and radionuclides.  

Unsaturated zone modeling involves simultaneous processes like solute transport, water flow, heat 

transport along with biogeochemical processes and reactions. Process based models that integrate 

these various processes can be valuable tools for investigating the mobility of a wide range of 

inorganic and organic contaminants subject to various hydrologic and geochemical conditions 

(Jacques et al., 2008). Vadose zone transport further complicated by simultaneous biogeochemical 

reactions and the magnitude of spatial heterogeneities at various scales (Mallants et al., 2011). A 

numerical model which integrates different processes generally offers advanced model building and 

improving understanding of processes involved including sensitivity analysis of processes and 

parameters, hypothesis testing, evaluation experimental data. 

Hydrus model incorporated various modules like water transport, solute transport, heat transport and 

major ion chemistry for one-dimensional (Šimůnek et al., 2008) and multi-dimensional problems 

(Šimůnek et al., 2011). Carbon dioxide transport was also included in the module which takes 

diffusion in both gas and liquid phases along with convection in liquid phase. The fate and transport 

of nutrients and contaminants in unsaturated porous media is impacted by a range of interacting 

physical, chemical and biological processes (Jacques et al., 2013). 
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Heavy metals present in the waste water pose a grave concern for vadose zone and groundwater 

pollution. Groundwater with significant heavy metal concentration can cause carcinogenic diseases in 

human body along with many life threatening conditions. High sorption capacity of heavy metals by 

soils leads to accumulation in the surface layer of the soils. But with the continuous application of 

waste water these heavy metals leach through the unsaturated zone to the saturated zone and pollute 

the sub surface water. Nickels have the most accumulation or the least vertical movement and lead the 

opposite ones (Salmasi, 2006). 

The site choosen for the modeling is situated near a waste water drain in Laksar, Uttarakhand, India 

which flows from various industries like sugar mills. Waste water sample analyzed from the drain 

found to have significant heavy metals (Cd, Cu, Zn, Ni, Pb) concentrations. The shallow groundwater 

table in the area is in a vulnerable position due to the waste water drain. Agricultural activities in the 

area also rely on groundwater which may affect the crops grown in the nearby field. So to know the 

leaching processes in the unsaturated zone of the study area solute transport was predicted by using 

Hydrus 1D.  

The main objectives includes in this study were to investigate leaching process of heavy metals in the 

unsaturated zone by simulating solute transport in HYDRUS 1D, and to find the contaminant 

concentrations at the bottom of the soil profile. 

1.1 Governing equations for solute transport in vadose zone. 

One-dimensional water flow in a partially saturated porous medium is described by a modified form 

of Richards’s equation: 

(1) 

Where   is the volumetric water content, h is the water pressure head, t is time, x is the spatial 

coordinate (positive upward), S is the sink term,   is the angle between the flow direction and the 

vertical axis and K is the unsaturated hydraulic conductivity. Soil hydraulic properties like water 

retention curve and unsaturated hydraulic conductivity relationships can be defined in several 

methods. The most common relationships given by van Genuchten-Moallem (Šimůnek, 2006) were 

given by: 

(2) 

(3) 

Where Өr: residual moisture content, ϴs: saturation moisture content, l, m, n: experimental 

parameters, Ks is the saturated hydraulic conductivity and Se: relative saturation 

1.2 Study area characteristics 

Laksar is a small city in the Indian state of Uttarakhand, situated in Haridwar district. It is a sugar 

manufacturing hub in the state and home to various industries. It has an average mean sea elevation of 

227 metres. Nearby towns include Pathri, Jhabrera, Roorkee, and Haridwar. From CGWB 

groundwater report Haridwar district was found to have nitrate contamination in the groundwater. 

Due to extensive sugarcane production in the area high fertilizer load is given to the agricultural 

fields, which in turn leaches into the unsaturated zone and contaminate the groundwater. The study 
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site selected is situated in 29
o
43’59.45” N latitude, 78

o
2’11.95” E longitude.  The area is situated in 

the upper Ganga basin having alluvial soil which varies from Loam to clayey texture. Nearest river 

includes Ban Ganga, and Ganga. The waste water drain which flows through the site gets its effluents 

from various sugar mills and tire industries. Although some waste water ponds are created by 

industries, still wastewater is discharged without treatment, which creates pungent smell in the 

vicinity and contaminates groundwater. Figure 1 presents the location map of study area in details. 

Exact location of site is presented from larger administrative boundaries map. 

Figure 1 Location map of study area 

2. Experimental program

The study was conducted by taking soil sampling from study site up to 90 cm depth below ground 

surface. For some datasets like soil texture and contaminant concentration which required sampling of 

soil and water from the study area done during the site visit. To determine soil texture, sampling was 

done in a vertical profile with sample taken at certain intervals up to 90 cm. Waste water collected in a 

sampling bottle for lab analysis. After getting required data HYDRUS 1D model was run for both 

water flow and solute transport. Required graphs were then analyzed for further analysis. 
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Figure 2 Flow chart showing methodology 

Soil textural classification was done using master seizer system and electromagnetic sieve shaker. 

Waste water sample collected from drain was analyzed to get the heavy metal concentrations by using 

atomic energy spectrometry method. 

Table 1 Soil textural classification 

S. No. Depth Gravel (%) Sand (%) Silt (%) Clay (%) Soil Type 

1 0-30 cm 0.15 17.67 77.20 4.98 Silt Loam 

2 30-60 cm 0.42 19.45 75.29 4.84 Silt Loam 

3 60-90 cm 1.34 36.06 61.25 1.36 Silt Loam 

Table 2 Source or Initial concentration of waste water 

Contaminants Cadmium Copper Nickel Lead Zinc 

Concentration 

(mg/l) 
0.0154 0.608 0.115 0.274 0.375 

Field/Laboratory 

measurement 

Meteorological data From literature review 

Solute concentration Bulk density, soil 

texture 

Rainfall, temperature, wind 

speed, solar radiation

Solute transport and 

reaction parameters 
Water flow parameters 

Model calibration and validation 

Running water flow and solute transport model 

Input into HYDRUS 1D model 

Results 
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2.1 General inputs for HYDRUS 1D model 

The depth of soil profile was taken as 90 cm and three layers of soil at 30, 60 and 90 cm from ground 

surface were taken for mass balance. The model was run on daily time basis with initial and final time 

steps were taken as 0.001 and 0.00001 respectively and the maximum time step was 0.01. Model was 

simulated for a time period of 10 years from 2010 to 2019.  

Initial and boundary conditions were specified on a 90 cm vertical soil profile. The whole soil profile 

was discredited into 3 layers of 30 cm each. Initial conditions were selected as pressure head in the 

soil profile on the day of start of simulation. The pressure head on the soil profile was taken as -1000 

cm at the surface and -100 at the bottom of the profile. For water flow, the upper boundary condition 

was taken as atmospheric boundary condition with surface layer and the lower boundary condition 

was taken as the free drainage. The meteorological data for 10 years were taken as time variable 

boundary condition. For solute transport, upper boundary condition was taken as concentration flux 

and lower boundary condition is taken as zero concentration gradient. 

The soil hydraulic properties were determined using Van-Genuchten (1980) model incorporated in 

HYDRUS 1D. Different water flow parameters namely residual water content (Өr), saturated water 

content (Өs), pore size distribution index (n), saturated hydraulic conductivity (Ks) and inverse of air 

entry value (α) were estimated for three different soil layers using soil texture and bulk density as 

input data. 

The daily reference evapotranspiration and rainfall were used as time variable input data. Penman-

Monteith model was used for estimating reference evapotranspiration. The daily average humidity, 

solar radiation, wind speed and minimum/maximum temperature were used as input in Penman-

Monteith model. With atmospheric boundary condition as long as the pressure head at the surface 

reaches above threshold value hCritA, water evaporates from the soil surface at potential rate. The 

absolute value of minimum pressure head allowed at the soil surface i.e. hCritA was taken as 100000 

cm. 

Table 3 Water flow parameters obtained from Rosetta model 

Depth 

(cm) 

Textural 

Class 

Ɵr 

(cm
3
/cm

3
) 

Ɵs 

(cm
3
/cm

3
) 

α 

(cm
-1

) 

N Ks 

(cm/day) 

I 

0-30 Silt Loam 0.0488 0.4101 0.0052 1.6935 68.86 0.5 

30-60 Silt Loam 0.0467 0.3994 0.0054 1.6838 64.85 0.5 

60-90 Silt Loam 0.0318 0.3496 0.0097 1.5439 64.28 0.5 

Equilibrium solute transport model was considered in the model. Crank Nicolson time weighting 

scheme and Galerkin finite elements space weighting scheme were selected in the HYDRUS 

interface. Dependency on environment factors such as temperature was not considered in the 

simulation. Soil specific parameters like bulk density, longitudinal dispersivity were given as input 

into the model. Bulk density values for each soil profile depth were found out from field test. 

Longitudinal dispersivity values were given as one-tenth of the travel distance for each soil layers. 

Other two parameters ‘Frac’ and ‘ThIm’ were used only with non-equilibrium solute transport models 

and given as value of 1 and 0 respectively for equilibrium solute transport model. Reaction parameters 

like adsorption isotherm coefficients (Kd) were found out from existing literature. For iron and zinc Kd 

was reported value of 1.7 cm
3 
g

-1
 (Azita et al., 2014). 
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2.2 Model performance criteria 

For assessment of agreement level between simulated and observed field data, three statistical 

parameters were used viz. root mean square error (RMSE), mean absolute error (MAE) and Index of 

agreement (AI). Coefficient of determination (R
2
) calculated for each contaminant. Closeness of the

value of MAE and RMSE to zero indicates the predicted values are closed to observed values. The 

index of agreement measures the degree to which the predicted variation accurately estimates the 

observed variation, AI = 1 when there is a perfect agreement (Almasri, 2007).  

   (4) 

   (5) 

   (6) 

Where, Pi is predicted values, Oi is observed values,  ̅ is average of observed values and n is number

of observations made. 

2.3 Results and discussions 

After the chemical analysis of waste water samples and soil from the unsaturated zone, 5 chemical 

parameters (cadmium, copper, nickel, lead and zinc) were selected for simulation in HYDRUS 1D 

model. Contaminants were fed from the top into a soil profile of 90 cm which was further discretized 

into 3 layers of 30 cm based on the soil textures. The pollution source was considered to be 

concentration flux on the upper boundary. The simulation period was set to be 10 years from 2010 to 

2019 taking into account the existence period of contaminant site. Observation nodes were given 

below each soil layers. Contaminants concentrations were found out for each soil layer after the 

simulation period. 

Figure 3 presents various plots from the simulation of cadmium transport in HYDRUS 1D model. 

Surface solute flux and bottom solute flux found to have varied with the daily precipitation. Monsoon 

season found to have more solute flux than non-monsoon season. Cd concentration reached bottom 

soil after 261 days and cumulates gradually in the simulation period. Top observation node had higher 

concentration than bottom nodes.  

Figure 3 Simulated results from HYDRUS 1D for cadmium transport in soil profile 

Figure 4 presents various plots from the simulation of copper transport in HYDRUS 1D model. 

Copper concentration reached bottom soil after 269 days and cumulates gradually in the simulation 
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period. Concentration profile of three observation nodes have varied with higher concentration from 

top to bottom node profile. 

Figure 4 Simulated results from HYDRUS 1D for copper transport in soil profile 

Figure 5 presents various plots from the simulation of lead transport in HYDRUS 1D model. Lead 

concentration reached bottom soil after 216 days and cumulates gradually in the simulation period. 

Concentration profile of two bottom observation nodes shows similar concentration profile than top 

observation nodes. 

Figure 5 Simulated results from HYDRUS 1D for lead transport in soil profile 

Figure 6 presents various plots from the simulation of nickel transport in HYDRUS 1D model. Nickel 

concentration reached bottom soil after 572 days and cumulates rapidly in the simulation period. 

Concentration profile of three observation nodes showed a steady increase of solute in simulation 

period. 

Figure 6 Simulated results from HYDRUS 1D for nickel transport in soil profile 
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Figure 7 presents various plots from the simulation of zinc transport in HYDRUS 1D model. Zinc 

concentration reached bottom soil after 568 days and cumulates rapidly in the simulation period. All 

concentration profile of observation node shows gradual increase of concentration. 

Figure 7 Simulated results from HYDRUS 1D for zinc transport in soil profile 

2.3.1 Model calibration and validation 

The model was calibrated using repetitive model operation approach. Solute transport parameters like 

longitudinal dispersivity (DL), molecular diffusion coefficient in free water (Dw) and reaction 

parameter like adsorption coefficient (Kd), which are scouted from literature were calibrated with the 

observed solute concentration in the soil profile. The best parameterization was selected with 

minimum difference between observed and simulated solute concentration. With the calibrated 

parameters, the model was validated with the observed concentration taken at various observation 

nodes in the soil profile at the end of the simulation period. 

Table 4 Model performance parameters between observed and simulated data 

Contaminant R
2

MAE RMSE AI 

Cadmium 0.94 1.19*10
-6 

1.45*10
-6

0.96 

Nickel 0.99 1.38*10
-5 

1.97*10
-5

0.96 

Zinc 0.98 2.14*10
-5 

3.01*10
-5

0.99 

Copper 0.99 5.19*10
-5 

5.54*10
-5

0.99 

Lead 0.98 0.00019 0.00031 0.45 

For most of the contaminants, simulated results give comparable values in agreement with the 

observed concentration. Differences from observed values in some contaminants may be attributed to 

the dependency of various transport and reaction parameters from previous literatures which were 

given as input to the model. . Heavy metals like zinc, nickel and copper also observed to have 

significant concentration below the soil profile, which increases the vulnerability of groundwater 

resources in and around the study area.  

Heavy metals like nickel, zinc and copper takes considerable time to reach the bottom soil profile. 

The index of agreement for all the contaminants except lead shows promising results of the model 

performance. RMSE and MSE for most solutes close to zero indicate the closeness of observed values 

to the simulated values. 
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3. Conclusions

From the laboratory analysis of waste water and vadose zone soil profile, it was found that various 

contaminants have significant solute concentrations which give the idea about pollution extent in the 

study area. Measured concentration of waste water sample for lead, copper, nickel, zinc, cadmium 

were found to be 0.274 ppm, 0.608 ppm, 0.115 ppm, 0.375 ppm, 0.0154 ppm  respectively.  

After validation of the numerical model (HYDRUS 1D) for the study area, the simulated solute 

concentrations values were found to be correlated with the observed solute concentration. Therefore, 

this numerical model can be used to assess the extent of pollution in the vadose zone due to any 

pollution source on ground surface.  

Bottom concentration of various heavy metals after simulation period was tabulated in table no 5 

below. 

Table 5 Simulated results from Hydrus 1D model 

Contaminants Concentrations at the bottom soil 

profile after simulation period 

Time taken by contaminant to 

reach bottom soil profile 

Cadmium 0.0274 mg/l 261 days 

Nickel 0.0625 mg/l 572 days 

Zinc 0.195 mg/l 568 days 

Copper 0.657 mg/l 269 days 

Lead 0.682 mg/l 216 days 

This study shows that Hydrus 1D model can be applied very well to determine the leaching process of 

heavy metals in the vadose zone and anticipate arrival time to a specified depth. The outcome of the 

study will be helpful to policymakers in controlling the leaching of contaminants and protection of 

fresh groundwater resource. 

Future studies which can be incorporated in numerical modelling of unsaturated zone includes, 

estimation of various transport and reaction parameter using soil column studies in the laboratory 

which gives a more realistic aspect to the model, heat and volatile solute modelling can be used in the 

transport modelling of contaminants, results from vadose zone modelling can be coupled with 

saturated zone modelling to study the interaction between unsaturated and saturated zone. 
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Abstract 

Water quality assessment of surface water systems plays a key role in water resource management. Water quality 

is identified in terms of physical, chemical and biological parameters, which are highly uncertain in the spatio-

temporal domains. Uncertainty associated with the parameters of water quality encompasses two aspects: one 

associated with the temporal values and the other vagueness in the definition. The emphasis of the present study 

lies in the assessment of water quality of a surface water body incorporating the uncertainty in the variables 

associated with its definition, using the concept of fuzzy random variable. With the two types of uncertainty 

considered, wherein the first type of uncertainty is incorporated by probability measure through probability 

distributions while the second type of uncertainty is considered by possibility measure, incorporated through fuzzy 

sets. The modelling procedure is illustrated for the Upper Klamath Lake, USA, to assess the water quality.  The 

parameters are considered as random variable and interaction is considered as fuzzy variable. The catastrophe 

theory is also applied on the monitored data for dealing with the interaction between the parameters. The state and 

control variables of the catastrophe theory is measured based on complementation principle. The probability and 

possibility measure is done on the monitored data information of water quality. One factor assessment model is 

introduced to assess the water quality classification. The results of the proposed approach is the advantage of 

reducing the loss of water quality information. The study clearly illustrate the potential of measure theory in the 

assessment of water quality of a system.  

Keywords: Water quality assessment, Fuzzy random variable; Catastrophe theory 

1. Introduction

Water quality is an inevitable factor to public health and to socio-economic sustainable development. 

Hence, water quality estimation and assessment is a major aspect in water resources management. It 

has been recorded that over 3.4 million people (mostly children) die of waterborne diseases every year 

(WHO). Degraded water quality poses a scathing behaviour to public health and economic-social 

sustainability. 

Water quality is described in terms of its physical, chemical and biological parameters. Numerous 

mathematical models based on water quality index (WQI) have been developed to assess water 

resources on earth. The models based on WQI require accurate parameter values for the assessment. 

Water quality parameters are influenced by wind direction, hydrology, pollutant dispersion and other 

objective factors. WQI parameter values depends on the sampling time and location, which is uncertain. 

Three main factors that should be inspected while evaluating water quality are the synergy of the 

pollutants and the water environment, the vagueness in the inner mechanism and the ambiguity in the 

water quality assessment and in the parameter measurement. (J.Ni 2018)  

For the quantification of water quality, different modelling methods exists. Vagueness exists in water 

resource systems. Random uncertainty and fuzzy uncertainty are two independent uncertainties exists 

which are dealt using stochastic and fuzzy approach respectively. However, in a water system, there 

also exists an uncertainty that has both randomness and fuzziness together, such as the water pollutant 

concentration. This is prominent in large shallow lakes with the pollutant concentration in the lake water 

body having random uncertainty. Fuzzy uncertainty is due to the lack of information about lake 

hydrology and pollutant deterioration for the water pollutant concentration. Therefore, the quality 

assessment of water resources on surface is incorporated with the randomness and fuzziness.  
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A new approach is vital to ensure the water quality factors which is described. The five features of the 

surface water system are mutability, multimodal, hysteresis, unreachability and divergent. (Flay 1978) 

G.Shi. et al (2019) concludes that the value of WQI is a random variable (RV) and the sample data of

the water body is its verification; due to the lack of knowledge about the interaction mechanism of

physical, chemical, biological processes in water bodies, the value of WQI can only be identified to

exist in a range, i.e., a fuzzy variable (FV). J.Ni et al. (2018) summarizes the difference between

integrated water quality evaluation model under uncertainty (IWQEMU) and other evaluation methods

like max-index method. Water quality is assessed including the interrelation between the physical,

chemical, biological and reaction parameters multi-level method known as catastrophe theory. Previous

studies use chance measure to compare FRV and interval numbers based on probability and possibility

level.

The present study emphasize to incorporate uncertainty mainly through two estimation theory 

approaches which are the probabilistic approach and the set-membership approach (possibilistic 

approach). In this study, the value of WQI is mapped from a probability space to a possibility space. 

The assessment is carried out considering the interactions between the parameters to reduce the loss of 

information. The detailed methodology pertaining to the study and the application of approach to a case 

study on Upper Klamath Lake in USA along with the results is discussed in the subsequent sections.  

2. Methodology

In water quality assessment method randomness is considered in sampling sites and methods of water 

body samples, whereas fuzziness is explained by the inter mechanisms between the parameters. The 

present study involves combining of parameters of water quality into a single assessable parameter by 

employing catastrophe theory following with estimation of uncertainty through probability and 

possibility approach which is described subsequently. 

2.1 Procedure for the approach 

The assessment is achieved by a sequential formulation complied in 4 phases. Figure 1 shows the 

flowchart of the approach. Swallowtail catastrophe theory proposed by Zeeman is expounded to 

combine the variables in the 4 phases to assess surface water quality as in the following equation using 

x to denote the state variable, a, b, c, d to denote the control variables and, f(x) as a potential function. 

(Zeeman 1976) 

f(x) = x5 + ax3 + bx2 + cx   (1) 

The relevant control variables are written in front of the least important variables. Complementation 

and non- complementation principle are the two principles applied while processing the catastrophe 

theory. When the control variables are interrelated the state variable takes the mean of control variable 

values which is the complementation principle. The later principle is followed when the control 

variables are not interrelated and the state variable in this principle takes the minimum of control 

variable values. 

Figure 1 Procedural step 

Characteristics of 
data

(Phase 1)

Class definition of 
data

(Phase 2)

Probabilistic 
approach

(Phase 3)

Possibilistic 
approach

(Phase 4)
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2.1.1 Phase 1 

The characteristics of data are analyzed using a statistical toolbox. The parameters of water quality s 

elected is fitted into a probability distribution using this toolbox. The parameters of the distribution is 

estimated using an estimation method. From mathematical aspects water quality parameters can be 

regarded as fuzzy random variable with interval form as [𝑋𝑊𝑄
𝐿 , 𝑋𝑊𝑄 ,

̅̅ ̅̅ ̅̅ ̅̃ 𝑋𝑊𝑄
𝑈 ]. The uncertainty of

parameters are calculated and described as FRV. The obtained characteristics of data cannot be 

compared with the crisp numbers in the standard limits for surface water classification. The values of 

monitored data are standardized. The mean of these standardized monitored values are also calculated 

for further steps. 

2.1.2 Phase 2 

The class definition of data are done based on the standard index limits for surface water classification. 

Catastrophe theory is applied on the data. The upper and lower bound standardized values of monitored 

data in each class are inputted to catastrophe theory as their control variables respectively. The 

important control variables are written in front of less important control variables. The state variable is 

estimated by the mean of the normalized monitored data of control variables. Since the uncertainty 

between the parameters are considered as the fuzziness which is dealt by complementation principle 

complied within the catastrophe theory. Hence the potential function for upper and lower bound values 

of each class of the standard limits are calculated. 

2.1.3 Phase 3 

The probability distribution of data are evaluated using catastrophe theory via cumulative density 

function (CDF). The values are standardized by its maximum value to have similarity in between the 

parameters. Similar procedure to class definition of monitored data is followed here also; Catastrophe 

theory is used to find the potential function of corresponding probabilities. The control variables are the 

values of parameters corresponding to each probabilities.  The state variable takes the mean of 

normalized control variable values i.e. same value in the class definition. Then, potential function for 

each probability is estimated. 

2.1.4 Phase 4 

The possibility of data to come in each class of water quality is assessed in a similar way to the 

probabilistic approach. The membership functions are assigned to each standard index limit of the 

surface water quality classification. The membership functions are assigned based on the parameter 

values of each class. Catastrophe theory is applied. The control variable takes the standardized upper 

and lower bound values of standard index limits for surface water quality classification for each class 

of classification. The state variable takes the mean of normalized control variable values i.e. same value 

as in class definition. Then, potential functions for each are estimated.  

3. Case study

3.1 Case study area 

Upper Klamath Lake (sometimes called Klamath Lake) in figure 2 is a large shallow fresh water 

lake east of the Cascade Range in south-central Oregon in the United States. The largest body of fresh 

water by surface area in Oregon, it is approximately 25 miles (40 km) long and 8 miles (13 km) wide 

and extends northwest from the city of Klamath Falls. It sits at an average elevation of 4,140 feet 

(1,260 m). Upper Klamath Lake is fed by a watershed of 3,768 square miles (9,760 km2). The lake is 

naturally eutrophic due to a high concentration of nutrients. 
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Figure 2 Upper Klamath Lake 

3.2 Data acquisition 

The surface water categories and the interval of index values were derived from the Clean Water Act 

of Department of environment pollution of US (www.epa.gov.in) which is shown in Table1.The 

monitoring data of pH, Temperature and Dissolved Oxygen (DO) of water quality indices of Upper 

Klamath Lake from 01/01/2018 to 31/12/2018 were recorded from 

(http://or.water.usgs.gov/proj/keno_reach/monitors.html). 

Table 1 Standard limits for surface water classification 

Class 1 2 3 4 5 

Temperature 

(℃) 
[0-5] (5-10] (10-20] (20-25] (25-30] 

pH (0-4] (4-6.5] (6.5-8.5] (8.5-11] (11-14] 

Dissolved 

Oxygen 

(mg/l) 

(0-2] (2-4] (4-8] (8-10] (10-15] 

3.3 Results and analysis 

The uncertainty estimation through a probabilistic and possibilistic approach is attained through 

characteristics distribution of data primarily. The application of mentioned approach is illustrated by 

the extracted values of the parameter dissolved oxygen (DO). The lower and upper boundary values of 

DO is 6.6 mg/l and 14.6 mg/l. The Characteristics of data are determined by histogram and PDF 

estimation of data using MATLAB software (Version: R2019b). Log-maximum likelihood estimation 

(Log-MLE) approach is incorporated for the parameter estimation under 95% of confidence level. 

Dissolved oxygen follows a gamma distribution with shape parameter 41.2722 and scale parameter 
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0.238623.The parametric values of temperature, pH, DO is described as fuzzy random variable as 

𝑥𝑡𝑒𝑚𝑝 ̅̅ ̅̅ ̅̅ ̅̃̅
= [0.5, 𝑥𝑡𝑒𝑚𝑝̅̅ ̅̅ ̅̅ ̅, 24.9] with 𝑥𝑡𝑒𝑚𝑝̅̅ ̅̅ ̅̅ ̅ ~W(12.798, 1.48124), 𝑥𝑝𝐻 ̅̅ ̅̅ ̅̃̅

= [7.3, 𝑥𝑝𝐻̅̅ ̅̅ ̅, 10.3] with

𝑥𝑝𝐻̅̅ ̅̅ ̅ ~G(93.462, 0.089688),  𝑥𝐷𝑂 ̅̅ ̅̅ ̅̃̅
= [6.6,  𝑥𝐷𝑂̅̅ ̅̅ ̅, 14.6] with 𝑥𝐷𝑂̅̅ ̅̅ ̅ ~ G(41.2722, 0.238623).

The potential values in Table 2, Table 3 and Table 4 are identified by the Swallowtail catastrophe theory 

using standardized values. The state variable for all the phases takes the mean of normalized value of 

data which is 0.6516. Table 2 shows the results of phase 2 which is the class definition figured for the 

monitored data upon the standard class. 

Table 2 Class definition of data 

Class 

Collected data ranges in each class 
Standardized values of collected data in 

each class 
F(x) 

= x5+ ax3+ 

bx2+cx DO pH Temp 
DO 

(a) 

pH 

(b) 

Temp 

(c) 

1 
0 0 0.5 0 0 0.0201 0.1305 

0 0 5 0 0 0.2008 0.2483 

2 
0 0 5.1 0 0 0.2048 0.2509 

0 0 10 0 0 0.4016 0.3791 

3 
6.6 7.3 10.1 0.4521 0.7087 0.4056 0.8076 

8 8.5 20 0.5479 0.8252 0.8032 1.1427 

4 
8.1 8.6 20.1 0.5548 0.835 0.8072 1.1513 

10 10.3 24.9 0.6849 1 1 1.383 

5 
10.1 0 0 0.6918 0 0 0.3088 

14.6 0 0 1 0 0 0.3940 

Table 3 and Table 4 shows the results based on the methodology in phase 3 and phase 4 respectively, 

which are potential values for probabilistic approach and possibilistic approach respectively. The 

probability potential values in Table 3 are tallied for certain limits only. The possibilistic potential 

values in Table 4 are computed based on the membership functions assigned prior to the standard class. 

Table 5 shows the tabulated comparison of possibility and probability for each classes individually. The 

water quality from 01/01/2018 to 31/12/1018 in Upper Klamath Lake follows Class 4 as shown in Table 

5 according to the classification standards which is defined. 

Table 3 Probability distribution 

Probability 

CDF values Standardized values 
F(x)= 

𝒙𝟓+cx+

b𝒙𝟑+a𝒙𝟐

DO pH 
Tempe 

rature 

DO 

(a) 

pH 

(b) 

Temp 

(c) 

0 6.6 7.3 0.5 0.4521 0.7087 0.0201 0.5564 

0.1 7.923 7.5 2.045 0.5427 0.7282 0.0821 0.6302 

0.2 8.308 7.594 3.409 0.569 0.7373 0.1369 0.677 

0.3 8.923 7.594 4.545 0.6112 0.7373 0.1825 0.7184 

0.4 9.462 7.688 8.182 0.6481 0.7464 0.3286 0.8277 

0.5 9.789 8.094 10.909 0.6704 0.7858 0.4381 0.922 

0.6 10.32 8.7 15 0.7068 0.8447 0.6024 1.064 

0.7 10.77 8.9 17.5 0.7377 0.8641 0.7028 1.1462 

0.8 11.23 9.2 19.6 0.7692 0.8932 0.7871 1.2222 

0.9 11.92 9.8 21.6 0.8164 0.9515 0.8675 1.3124 

1 14.6 10.3 24.9 1 1 1 1.4701 
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Table 4 Possibility distribution 

Possibility 

Standard limit of classes Standardized values F(x) 

= x5+ ax3+ 

bx2+cx 
DO pH 

Temp 

erature 

DO 

(a) 

pH 

(b) 

Temp 

(c) 

0 0 0 0 0 0 0 0.1174 

0 2 4 5 0.13 0.29 0.17 0.3873 

1 4 6.5 10 0.27 0.46 0.33 0.6024 

1 8 8.5 20 0.53 0.61 0.67 0.9595 

0 10 11 25 0.67 0.79 0.83 1.179 

0 15 14 30 1 1 1 1.4701 

Table 5 Probability and possibility of classes 

Class Probability Possibility 

1 0 0 

2 0 0 

3 0.308-0.609 1 

4 0.7-0.944 0-0.127

5 0 0

4. Conclusion

The new proposed approach describes the information of water quality with a probability measure and 

a possibility measure rather than a point estimation. The approach was embedded to assess water quality 

in Upper Klamath Lake, USA in the year 2018. The results shows the parameter distribution which it 

follows and the water quality in Upper Klamath Lake falls into Class 4 in 2018, which verifies the 

feasibility of the proposed approach. It is to be expected that, when an assessment on water quality is 

done, the interaction between the parameters should also be taken into consideration as embodied in 

this work, which will be assisting the engineers who are involved in the analysis arena to come out with 

appropriate classification of water quality.  

References 

Flay, B.R. (1978). Catastrophe theory in social psychology: some applications to attitudes and social behavior. 

Behavioral science. 23,335-350. 

J.Ni, Xu.J, Zhang.M, (2018). Incorporating Pollutants interaction with the environment and parameter uncertainty

in water quality evaluation: a case in lake Chauhan, China. Water science & Technology: Water Supply, 18(2):

723 – 736.

S.Gao, L.Zhang, J.Ni., (2019). An approach for processing the real-time monitoring data of water quality and its

application in water quality evaluating. Proceedings of Thirteenth International Conference on Management

Science and Engineering Management, pp – 221-233. https://doi.org/10.1007/978-3-030-21248-3_16.

Zeeman,E.C. (1976). Catastrophe theory. Scientific American. 234, 65-83.

407

https://doi.org/10.1007/978-3-030-21248-3_16


Chambal Crocodile Sanctuary: Factors make it a pollution free river 
stretch 

Kedar Sharma1 

1Department of Civil Engineering, Institute of Engineering and Technology, J K Lakshmipat University, 
Jaipur, Rajasthan (India), 302026.  
Email: kedarsharma@jklu.edu.in 

Abstract 

Chambal River reach of 600 km in the downstream of Kota barrage to its confluence with Yamuna River, is 

one of the pollution free river reach in India and classified as National Chambal Sanctuary (located at 25023’-

260 52’N and 76028’-79015’E). It is famous for large number of endangered Gharials, Crocodile and Dolphins. 

In the present study various factors which make this river pollution free, is discussed in detail. This river reach 

is a combination of shallow and deep pools. At some of the places river depth is up to 30 m. 40 – 100 m deep 
river bed from surrounding, untapped tributaries and base flow as the prime contributor are the major reasons 

behind the unpolluted river reach. Topography of the river and type of the soil on the banks, not support the 

major cities on its bank and it can be observed that there is no major cities or industries on the banks of this 

river as like Ganga or Yamuna River. There is number of storage reservoir in the basin which act as a buffer 

between sewage generated from cities and main Chambal River. They also act as natural sedimentation and 

oxidation tank for the municipal sewage waste generated from major cities. However, in future there might be 

increase in pollution level due to various anthropogenic (sand mining, fishing and deforestation) and 

development activities on the banks of Chambal River. The results of the present study is useful for the proper 

planning to control the pollution level in the National Chambal Sanctuary.     

Keywords: Chambal National Sanctuary, pollution control in river, ecological flow, bio diversity of fresh 
water  

1. Introduction

It is a common fact that the water resources development projects fulfill the water, food and energy 

needs of the society. However, these project have significantly adverse effect on the aquatic 
ecosystems (Jain 2020). Around one third of all vertebrate species habitat in fresh water. These fresh 

water habitat cover only about 0.08% of total earth’s surface and contain only 0.01% of world water. 

The fresh water ecosystem are categorized as endangered ecosystem in the world due to various 
water resources development projects and anthropogenic activities. Loss of biodiversity is far more 

in fresh water ecosystem than any other ecosystem.  

Most of the Indian rivers are highly polluted due to over withdrawal of water or the disposal of 

untreated urban and industrial wastes. However, the Chambal River (major tributary of Yamuna 

River) reach between Jawahar Sagar to Kota Barrage and in the downstream of Kota Barrage to its 

confluence with Yamuna River, is one of the pollution free river reach and declared as National 
Chambal sanctuary (Saksena et al. 2008; Yadav et al. 2014). The approximate length and area of 

this tri-state protected area located in Rajasthan, Madhya Pradesh and Uttar Pradesh is 600 km and 

5400 km2, respectively (Figure 1). Taigor and Rao (2010) describe in detail about the various flora 
and fauna and their habitat in Chambal national sanctuary. It is a habitat for rare and endangered 

Gharial and Ganga River dolphins with Marsh Crocodiles, smooth coated Otters, 7 species of 

Terrapins/Turtels, 250 species of birds and more than 40 species of fishes. Various types of bed and 

flow features make it suitable for habitat.  

Water quality plays an important role in a favorable habitat for any species and hence various 

researchers measured these parameters in the past. Saksena et al. (2008) measured the various water 
quality parameters at three stations viz. near Palighat, Rajghat and Baraighat and reported that the 

water quality analysis indicate pollution free river water in this sanctuary. Yadav et al. (2014) 
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presented the results for water quality parameters measurements of year 2003-2012. They classified 

this stretch under Class C category as per CPCB standards. They report that with the above 
mentioned category this river stretch can serve as a good habitat for many flora and fauna including 

endangered species.  

Figure 1 Location Map of National Chambal Sanctuary (Saksena et al. 2008)

In the above mentioned studies it is identified that the Chambal River is pollution free.  However, a 

study which report the factor responsible for making this reach pollution free and most pristine rivers 

in India is missing in the literature. The present study is an attempt to report these factors. The results 
of the present study can be utilize in the future action planning for pollution control in the sanctuary. 

2. Chambal River Basin

Chambal River is a major tributary of River Yamuna, which originate near Manpur Chouki in south 
of Mhow town, near Indore, on the south slope of Vindhya Range at an elevation of 843 m, in 

Madhya Pradesh. Sub basins, major reservoirs and cities in the Chambal Basin is presented in Figure 

2. The Chambal River and its right bank tributaries Kalisindh, Parwati and Kunnu drain Malwa

region of Madhya Pradesh and Hadoti region of Rajasthan. Its left bank tributaries Mej, Chakan and
Banas drain the central part of the Rajasthan (on the eastern side of Aravalli Ranges). The total

length of the Chambal River is 1024 km. The river initially flow in Madhya Pradesh for about 376

km. It enter in a deep gorge near Churasigarh fort where a large reservoir named Gandhi Sagar was
constructed to utilize the water resources from upper Chambal Basin. Then the river flows for 249

km in Rajasthan including deep gorge from Chaurashigarh to Kota city for 107 km. Then the river

flows for 216 and 150 km as a boundary between Madhya Pradesh and Rajasthan and Madhya
Pradesh and Uttar Pradesh, respectively. Finally it flows in Uttar Pradesh for 33 km before joining

the Yamuna River in Jalaun District ate an elevation of 122 m.

Second major reservoir named, Rana Pratap Sagar was constructed near Rawatbhata (near Kota) in 
upper Chambal Basin. Jawahar Sagar is an intermittent small reservoir for Hydro power production 

in the middle of Rawatbhata and Kota Barrage. Kota Barrage is the fourth hydraulic structure 

constructed to divert the water in large irrigation canal network on both the banks. River flows freely 
in the downstream of Kota Barrage. Bisalpur Dam (1025 MCM) is one of the major storage 

reservoirs in the middle of Banas Basin near Todaraisigh town in Tonk district. There are few more 

reservoirs of capacity between few of MCM to 120 MCM are located in entire Chambal Basin. 
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Figure 2 Sub Basins (Upper Chambal, Kalisindh, Parwati, Kunnu, Mej Chakan and

Banas), Reservoirs and Major cities in Chambal Basin 

3. Factors which make Chambal a pollution free river reach in National Chambal
Sanctuary

It has to be noted that only main Chambal River reach in the national Chambal Sanctuary is 

considered in the present study. Chambal River reach in the upstream of Gandhi Sagar Dam and its 
tributaries are not included in the present study. Following are the major physical, hydrological, 

demographical factors which make it a pollution free river reach.  

3.1.Topography of the basin 

As mentioned in the earlier section, the Chambal River enters in a deep gorge in the upstream of 

Gandhi Sagar Dam (near Chaourasigarh fort in Madhya Pradesh) and flow in it till Kota Barrage. 

The water level of the river is 150 – 200 m below surroundings at most of the locations in this river 

reach (Figure 3). In just upstream to Kota Barrage, original river bed is 70 - 80 m below surrounding 
areas. 

Chambal River Basin is narrow and elongated in the downstream of its confluence with Kunnu River 
(Figure 1).  Kuwari and Parwati Rivers are flowing parallel to Chambal River on right and left side, 

respectively. River cross-section at various locations are presented in Figure 4. It can be observed 

that it flows around 60 - 80 m below the surroundings.  

Almost similar topography is observed till Chambal River joins the Yamuna River. Catchment area 

of the Chambal and Kuwari Rivers is the command area of right main canal from Kota Barrage. 

Hence, further utilization of Chambal River water by gravitational flow is neither required, nor 
feasible. It also not make a delta similar to Godavari or Cauvery River and hence not a possibility 

for reservoir in the upstream and further utilization in the downstream. These conditions are 

favorable for natural flow of the river without hydraulic structures in the downstream of Kota 
Barrage.  
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(a) Section along A-A

(b) Section along B-B

(c) (Source https://en.wikipedia.org/wiki/Chambal_River)

Figure 3 Elevation profile in the upstream of Kota Barrage 
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Section at 1-1 

Section at 2-2 

Section at 3-3 

Section at 4-4

Section at 5-5 
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Section at 6-6 

Section at 7-7 

Figure 4 Elevation profile in the Lower reaches of the Chambal River

3.2.Ravines and forest area on both the banks 

The catchment area of the Chambal River in the downstream of its confluence with Parwati River, 

on both the banks is a mix of forest area and ravines. Deep ravines extended for 5 - 10 km on both 
the banks, are the unique features of Chambal River (Figure 5). As described in previous section a 

steep drop in the elevation towards river, is responsible for these ravines. These ravines are generally 

unfertile and barren. The population density is also very low in these areas. As a result, there is less 

exposure to pollution due to excess use of pesticides and fertilizers in farming and untreated sewage 
waste.  

Figure 5 Deep ravines on the banks of Chambal River

3.3.Base Flow as a major source  

As described in the previous section, Chambal River is 60 – 80 m below its surroundings. Due to 

this elevation difference, base flow is the major contributor in the river flow during non-monsoon 

period. The base flow is comparatively pure form of water due to natural filtration.  

3.4. Untapped major distributaries 

The storage facilities created in the catchment of Kalisindh, Parwati, Mej and Kunnu in Rajasthan 
state is very low in comparison to potential capacity and, hence a lot of water is available during 

monsoon from these tributaries (Rajasthan Monsoon Report 2018; Eastern Rajasthan Canal Project 

Feasibility Report 2018). During non-monsoon period the flow is very lean but still contribute to the 
flow of main river. The situation may be altered, once Navnera Barrage on the Kalisindh River will 

be functional. This Barrage is under construction in just upstream the confluence of the Kalisindh 

and Chambal River.    
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3.5.Demography 

As discussed in the previous sections, both topography and type of soil is not favorable for 

population settlement on both the banks of Chambal River. There is no major cities and even towns 
on the banks of Chambal River in the downstream of Keshorai Patan. The cities located on the banks 

of its tributaries viz. Chittourgarh, Bhilwara, Jaipur, Tonk, Sawai Madhopur, Jhalawar and Baran, 

are also far away from the Chambal River. It minimize the possibility of disposal of treated or un-

treated sewage in the Chambal River. The major reason of degradation of water quality in Yamuna 
River is the sewage and industrial waste water disposal from big cities like Delhi, Mathura and Agra. 

It is very difficult to check the disposal of un-treated sewage once the cities are growing in unplanned 

way.  

3.6.Major and medium irrigation reservoirs 

There are number of irrigation reservoirs in entire Chambal Basin. Gandhi Sagar Dam (>7000 

MCM) and Rana Pratap Sagar (>2500 MCM) are major reservoirs in the upper Chambal Basin.
Bisalpur Dam (>1000 MCM), Kalisindh Dam (>200 MCM) are medium size reservoirs on Banas

and Kalisindh River. Mashi (>40 MCM) and Morel Dam (>75 CM) are the minor reservoirs in the

upstream of confluence of Banas and Chambal River. Although, it is directly not related to the

pollution of Chambal River, still these reservoirs are act as a safe guard against the treated or un-
treated sewage from the major population areas. These reservoirs are act as natural sedimentation

and oxidation tanks for the sewage or impurities carried from the cities in the upstream of these

reservoirs. For example whatever the sewage or pollution generated in upper Chambal basin
throughout the year, is trapped in Gandhi Sagar Dam. Unauthorized use of sewage water for

agriculture near the cities is a common problem in the entire Banas Basin. Still if sewage or pollution

generated in upper Banas Basin, it is trapped in Bisalpur Dam. Morel Dam is located in the
downstream of Jaipur city. Hence there is very low probability for reaching the sewage generated

from populated areas of the entire Chambal Basin.  This will not be the case for cities in northern

India and sewage and industrial effluents from each city has been contributing in pollution of the

rivers.

4. Conclusion

Chambal River reach in the downstream of Kota Barrage was declared as tristate National Chambal 

Sanctuary. It is famous for large number of flora and fauna including endangered Gharials and 
Gigantic Dolphins. The present study discuss the various factors in detail which make this reach a 

pristine and pollution free. 40 – 100 m deep river bed from surrounding, untapped tributaries and 

base flow as the major contributor are the major reasons behind the unpolluted river reach. The 
topography and type of soil not support the population settlement on the banks. Absence of the major 

cities or industries on the banks reduces the chances of disposal of treated or un-treated waste in the 

river. A negligible factor is the storage reservoir in the basin which act as buffer between sewage 

generated from cities and main Chambal River. These are also act as natural sedimentation and 
oxidation tank for the municipal sewage waste generated from major cities. The results of the present 

study is useful for the proper planning to control the pollution level in the National Chambal 

Sanctuary in future.  

References 

Eastern Rajasthan Canal Project Feasibility Report (2018) 

http://environmentalclearance.nic.in/writereaddata/Online/TOR/28_Sep_2018_11485352050J2VHPCFinalv

olume.pdf.pdf . 

Government of Rajasthan Water Resources Department Monsoon 2018. 

414



Goyal, R., Gupta A. B., Shrivastava S., Dadhich A. P., and Rajput H. (2018). Prevention and Control of 

Pollution in River Chambal and Banas: An Action Plan for River Rejuvenation. National Green Tribunals. 

Hussain, S., Sharma, R. K., Dasgupta, N., and Raha, A. (2011). Assessment of minimum water flow 

requirements of Chambal River in the context of Gharial (Gavialis gangeticus) and Gangetic Dolphin 

(Plananista gangatica) conservation, www.wii.gov.in., Wildlife Institute of India, Retrieved 11 Feb 2014.  

Jain, S.K. (2020). Assessment and implementation of environmental flows. Current Science. 118 (11). 

Taigor, S. R., and Rao, R. J. (2010). Habitat features of aquatic animals in the National Chambal Sanctuary, 

Madhya Pradesh, India. Society of Applied Sciences. 1(2), 409 – 414.  

Yadav N.S., Shamma M. P., Kukar A., and Pani S. (2014). Water quality assessment of Chambal River in 

National Chambal Sanctuary of Madhya Pradesh”. Environmental Sustainability: Concepts, Principles, 

Evidences and Innovations. – 978 – 93-83083-75-6, pp 24-35.  

415



Physico Chemical analysis of the industrial effluent and sewage their effect 

on the water quality and soil of getting river harmu in Ranchi. 

Mrigendra Kumar1, Prof. (Dr.) Ramakar Jha2 

1Mrigendra Kumar, Chaibasa Engineering college, Chaibasa 833201, India 
2Prof. (Dr.) Ramakar Jha, NIT, Patna, Patna, 800005, India 

Email: mrigendra009@gmail.com 

Telephone/Mobile No.: +91 6201580775 

Abstract 

Industrial Effluents entering the water bodies is one of major sources of environmental toxicity. It not 

only affects the water quality but also has deleterious impact on the soil and aquatic ecosystems. Soil 

is the most favorable habitat for a wide range of microorganisms that includes bacteria, fungi, 

algae, viruses and protozoa. Industries keep on releasing effluents, which is quite toxic whether its 

fertilizer industries, or chemical treatment given to the fields also cause problems for the survival of 

the water quality and soil.  Industrial and commercial effluents are characterized by their abnormal 

turbidity, conductivity, chemical oxygen demand (COD), total suspended solids (TSS), 

biological oxygen demand (BOD), and total hardness. Industrial wastes containing high 

concentration of microbial nutrients would obviously promote an after-growth of significantly 

high coliform types and other microbial forms. In the present study we have analyzed the effluents 

of fertilizer industries and sewage effluents getting river harmu and their deleterious effects on the 

water quality and soil. Analysis of the industries effluent shows that the ph. (7.1 – 9.1); TSS (115.5 – 

203.83); TDS (2260 – 3080), BOD (80 – 110) and COD is (260 – 350) whereas in the sewage 

effluents ph. (8.1 – 9.1); TSS (301 - 494); TDS (2150 - 2500), BOD (60 – 100) and COD is (255 – 

340). The values exceed the NEQS and BIS values. Hence, the values pH, TSS, TDS, BOD and COD 

are above the permissible limits. Organic pollution is always evident and the pollution is made worse 

by land-based sources such as the occasional discharge of raw sewage through storm water outlets, 

and industrial effluents from refineries, oil terminals. Waste effluents rich in decomposable organic 

matter, is the primary cause of organic pollution.   

Keywords: Harmu River; Industrial Effluent; sewage; BOD; COD; TDS; TSS 
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1. Introduction

Broadly, the pollution in a river occurs due to the disposal of untreated point and nonpoint source 

pollutants. The point-source pollution refers to the pollutants discharged to the river from one discrete 

location or point, such as industrial effluent or municipal wastewater. However, the nonpoint source 

pollution enters the receiving surface water diffusely at intermittent intervals. The extent of nonpoint 

source pollution is mainly related to infiltration and storage characteristics of the basin, the permeability 

of soils, geographic, geological and land use/land cover conditions, and other hydrological parameters. 

In India, rivers are receiving threats to their aquatic life and the environment due to the entry of 

pollutants from point as well as nonpoint sources. (Jha et al. 2007) In many cases, effluents (municipal 

and industrial effluents) are discharged into the river without prior treatment, which in turn causes 

exponential increase in pollutant concentrations and reduction in waste assimilative capacity of the 

river. (Jha et al. 2001, 2004; Jain and Jha 2005) The important pollutants from diffuse sources are 

suspended solids, nutrients, and pesticides. Numerous studies have been conducted globally since the 

early 1970s to understand the processes controlling nonpoint source pollutants in river systems. (Frere 

et al. 1980; Young et al. 1986). In India, very little work has been done to estimate NPS pollution levels 

in a river reach due to agricultural practices and over-use of fertilizers during monsoon and non-

monsoon periods. To evaluate the continuous entry of NPSs of pollutants into River Kali in western 

Uttar Pradesh, India. (Jha et al., 2002). Most of the cities and towns have developed along the banks of 

rivers because of the multipurpose-use of river water. But unfortunately, some rivers are being polluted 

by indiscriminate disposal of sewage and industrial effluents. The present study is an attempt to make 

an assessment of the change in the physico chemical properties of Harmu River by the addition of 

sewage, domestic waste and garbage of Ranchi city. (Trivedi et al., 1986). 

Harmu river is the major source of water supply for the population that lives nearby and is being polluted 

by the various sources. The extent of pollution has so increased that it become difficult to purify water 

despite using high amount of alum and chlorine. The river has started stinking due to algae and it has 

also choked the filtration plant. (S. K and Rai et al., 2003). Water wastes released from the sewage 

processing and petrochemical effluents are characterized by large amounts of hydrocarbons, crude oil 

products, polycyclic and aromatic hydrocarbons, metal derivatives, surface-active substances, sulphides 

and other chemicals. They lead to the accumulation of the toxic products in the waste-water and cause 

deleterious effects to the ecosystem reported the positive correlation between pollutants from the 

refinery and effects on the aquatic inhabitants and soil. (Kaur et al., 2010). 
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2. Methods & Methodology:

2.1 Location of Sampling Sites & Study Site 

Study Site: 

Geographically, Ranchi city is located on southern part of the chotanagpur plateau which forms the 

eastern edge of the Deccan plateau system. The area surrounding Ranchi city has been donated with the 

nature of attraction and it is referred to as city of falls. The most popular water falls are Dasham, Hundru, 

Johna, Hirni and Panchghagh which are all active perennially. The average elevation at the Ranchi city 

is 645 m above Mean Sea Level (MSL). As of 2020, India census Ranchi city has a population of 14.39 

lacs. The map of study area is presented in Figure 1. (Trivedi et al., 1986). 

Figure-1 

Figure-2 (Location map of the study area) 
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Collection of Sampling site: - 

The water samples were collected from surface near the margins of the small river between 8a.m. to 

10.30a.m. in one litre glass bottles at each selected site. The brief details of sampling site are presented 

in the Table 1. 

Table 1 Brief Detail of Sampling Site 

S.No. Site Code Sites Description 

1 S1 Near to Harmu Mukti Dham Where the River Harmu enters the 

city. 

2 S2 Near to Argora Located in the after Mukti Dham of the 

course of the River Harmu through the 

city. 

3 S3 Near to Kadru Colony Located in the middle of the course of 

the River Harmu through the city. 

4 S4 Near to Over bridge main road Where the River Harmu after just 

middle the city 

5 S5 Near to Niwaranpur Colony Where the River Harmu just leaves 

the city. 

Figure-3 Sampling points in the River Harmu 

Ranchi is known for the fertilizer & steel industries. Effluent samples from the mines as well as steel 

industry were collected as per standard procedure (Clesceri, L.S et al., 1999) and were analyzed in the 

Environmental Engineering Laboratory of the department of Civil Engineering in chaibasa engineering 
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college. Harmu river area is the second urban agglomeration, which is located in Ranchi at the 

confluence of three major rivers: Harmu, Swarnrekha, and kharkai. The wastewater average flow is 

about 100000 m3/day [16]. The drainage system covers an area of 2300 ha, serving approximately 99% 

of the population (approximately 300000 habitants). The basic drainage system is very old, there are 

several collectors that collect wastewater and rainwater from various areas with very different 

characteristics, according to the existing water-pipe drainage system. There is no treatment at any 

station, except for simple mechanical separation. However, industrial wastewater is pre-treated before 

being discharged in the city system. The five wastewater collectors are denoted in the following 

as S 1, S 2, …, S 5. Four of them discharge in the Harmu River and the fifth discharges in the 

Swarnrekha River. The mixture between domestic and industrial water at the two mixed collectors is 

the result of changes in city planning and various transformations of small/medium enterprises. (S. C. 

Apa Canal S et al., 2010). 

2.2 Physico-Chemical Parameters and Methods of Analysis 

The physico-chemical parameters which were measured are the following: 

(i) pH;(ii) chemical oxygen demand (COD) and dissolved oxygen (DO);(iii) Biochemical oxygen

demand (BOD) and Total Suspended Solid (TSS) (iv)Total Dissolved solid (TDS). 

The pH and DO were determined in situ using a portable multiparameter analyzer. Other chemical 

parameters such as COD, metals and nutrients were determined according to the standard analytical 

methods for the examination of water and wastewater (A. D. Eaton et al., 2005). The COD values reflect 

the organic and inorganic compounds oxidized by dichromate with the following exceptions: some 

heterocyclic compounds (e.g., pyridine), quaternary nitrogen compounds, and readily volatile 

hydrocarbons (J. R. Baker et al., 1999). 

Table 2 APHA Sample Analysis Range 

Sl. No. Parameter Permissible Limit 

1 PH 6.5-8.5 

2 TSS 100 Mg/L 

3 TDS 500-2000 Mg/L

4 BOD 30-100 Mg/L

5 COD 250 Mg/L 

 (Washington, DC. 1985) 
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2.3 Methods: 

2.3.1 Physico-chemical analysis of the Industrial effluents :- The site of sample collection was 

identified at point where the effluent is discharged from the industrial places. The color of the effluent 

and Odour was observed at the time of collection of the sample in sterile bottles. The wastewater 

discharged from the industries is characterized by a variety of chemicals generated from dyeing, 

bleaching and washing processes. It also constitutes suspended solids, organic and inorganic matters, 

acid and alkalis. Fertilizer and steel industries wastewater contains substantial pollution loads in terms 

of BOD, COD, TSS and heavy metals. The environmental concern of discharged steel industries 

wastewater is mainly its high chemical oxygen demand (COD) as well as high strength of colour 

content. The analysis were carried out as per the standard methods as given by  

Table 3: Physico-chemical analysis of the industrial effluent samples 

Parameters S1 S2 S3 S4 S5 

PH 8.1 8.9 7.1 8.6 9.1 

TSS 184.5 115.5 198 178 203.8 

TDS 2268 2640 2864 3080 2915 

BOD 95 104 80 88 110 

COD 255 340 258 310 350 

2.3.2 Physico-chemical analysis of the commercial sewage effluents 

Wastewater from commercial were collected and analyzed in the laboratory. The effluents with its high 

BOD rapidly deplete available oxygen supply when discharged into water bodies endangering fish and 

other aquatic life. The high BOD also creates septic conditions, generating foul-smelling hydrogen 

sulphide, which in turn can precipitate iron and any dissolved salts, turning the water black and highly 

toxic for aquatic life. The parameters analysed for the commercial sewage effluents in Table 2 show 

that the value of pH range from 8.1 – 9.1 which is within the pH values prescribed by BIS (6.5 to 9.0). 

Table 4: Physico-chemical analysis of the commercial sewage effluent samples 

Parameters S1 S2 S3 S4 S5 

PH 8.5 8.1 8.9 9.0 9.1 

TSS 308 385 301 494 454 

TDS 2185 2198 2150 2400 2500 

BOD 85 95 60 65 100 

COD 250 258 250 265 340 
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2.3.3 Bacterial analysis of the soil samples 

The soil samples were collected from the site of discharge of the effluents to the environment. Soil 

organic matter and other plant till analyses were conducted. Samples were brought to the laboratory and 

stored at 4°C. S1 sample is the soil sample collected from the site of discharge of Fertilizer effluent 

whereas S2 is the soil sample collected from the site of discharge of commercial sewage effluent. 

1 gram of soil was mixed with 9 ml of sterilized water and shook it thoroughly. 1 ml from the solution 

was then mixed in 9 ml sterilized water to make 10-2 dilution of this solution and in the same pattern  

dilutions up to 10-3. 20 grams of Nutrient Agar was put in 1 litre graduated flask and the volume was 

made up to the mark by adding sterilized water. pH of media was adjusted with the help of conc. NaOH 

or conc. by pH meter. The medium was then sterilized in autoclave at 15 psi and 120°C for 20 min and 

cooled to a pouring temperature of about 37°C. Serial soil dilutions were prepared for appropriate 

counting of the bacterial population. One ml of the required dilution was spread evenly on an agar-

medium petri plates to determine number of populations per gram soil Incubation of the petri plates was 

done in a room set at 30±2ºC. 

Table 5: Colouration of the Agar observed after 48 hrs of incubation at 30º C 

Sl. No. Sample No. Dilutions 
Colour of 

the Agar 

1 Control soil sample 10-2 Yellow 

10-3 Yellow 

2 

S1 - Soil sample 

collected from the 

site of discharge of 

Textile effluent 

10-2 Dark brown 

10-3 Muddy 

brown 

3 

S2 - Soil sample 

collected from the 

site of discharge of 

Sugar industry 

effluent 

10-2 Dark brown 

10-3 Muddy 

brown 
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3.0 Results and Discussion: 

The results indicate the high levels of the ph (7.1 – 9.1) and fall within the permissible limits. The pH 

in the effluent is towards the higher value indicating the alkalinity conditions and thus will have an 

adverse effect on the soil permeability and soil microflora. The values of TSS and TDS are (115.5 – 

203.83) and (2260 – 3080) respectively. These exceed the permissible limits and are high for the control 

sample as well indicating pollution of the sample. The concentration of the solids is another matter of 

concern and the carcinogenicity of the dyes used adds to it. The values of BOD (80 - 110) and COD 

(260 – 350) as compared to the control sample is indicating the high level of pollution in the waters 

discharged from the industries into the environment. The high levels of BOD are indicators of the 

pollution strength of the waters. They also indicate that less oxygen is available for the living organisms 

in the wastewaters. The high levels of COD indicate the toxicity of the effluents and the presence of 

large amounts of biologically resistant organic substances. 

The values of TSS are 301 – 494 and TDS also 21500 – 2500 are also very high. Total Dissolved Solids 

(TDS) refers to all dissolved materials present in the water. Combined commercial sewage effluents 

generally do not have a TDS measure high enough to have an adverse environmental impact. Discharge 

of water with a high TDS level would have adverse impact on aquatic life, render the receiving water 

unfit for drinking, reduce crop yields if used for irrigation, and exacerbate corrosion in water systems 

and Industrial effluents generally change the natural pH level of the receiving water body to some 

extent. Such changes can tip the ecological balance of the aquatic system, excessive acidity particularly; 

can result in the release of hydrogen sulphide to the air. 

0
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The BOD is 60 - 100 and COD is 100 - 130. The values of BOD and COD exceed the limit. A high 

COD, a measure of the inorganic and partly organic non-biodegradable content of the effluents, has 

effects on the receiving water body similar to that of a high BOD. Suspended solids reduce light 

penetration and, as a result, plant production in the receiving water body by increasing turbidity and 

can also clog fish gills. Benthic decomposition of components can decrease oxygen availability while 

anaerobic decomposition can produce hydrogen sulphide and release by-products that increase BOD. 

The results are in correlation with those as observed in other studies. 

The results in Fig 1. indicate a decrease in the bacterial soil microflora as compared to the control. The 

Industrial effluent pollutes the soil to a greater extent than the effluent from the commercial sewage. It 

could be due to the higher BOD and COD values of the effluents. 

4.0 Conclusion 

India is a developing country where small scale industrial units mainly in steel industry form a major 

part and effluent treatments are not taken care of. The costs of water treatment add to woes of the ailing 

smaller units. Hence, the values pH, TSS, TDS, BOD and COD are above the permissible limits. These 

effluents have deleterious effects on the soil sample collected from the site of effluent discharge. The 

results indicate that the effluents make the soil unsuitable for cultivation purpose. The effluents from 

the commercial sewage also show a similar trend. The ammonifying bacteria dominate the soil 

microflora, which disturbs the normal diversity of the bacteria flourishing in the soil samples. The high 

levels of TDS and TSS are of major cause of concern due to the increased incidences of cancer. 

The parameters analysed for the industrial effluents in Table 1 are higher than the permissible limits 

for pH, TSS, TDS, BOD and COD.  
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Abstract 

Surface water quality has a vital role when defining the sustainability of the ecological environment and public 
health as the quality of rivers and lakes are central to human and economic development. Water quality has 

become a global concern due to over increasing population and development activities which overexploit and 
pollutes the water resources available to us. Assessment of water quality is important for knowing the suitability 

of surface water for various purposes. This study proposes a new methodology for assessing surface water 
quality using a combination of Principal Component Analysis (PCA) and Entropy weighing method. Eight 
sampling stations were monitored along Keno reach of Klamath River, Oregon and California for the evaluation 

of surface water quality. PCA was carried out for each station separately for computing synthesized factor 
equations. An evaluation matrix was developed using the synthesized factor equations of all stations and entropy 
weighing method was used to compute the objective weights of the water quality parameters. The synthetic 

scores of the sampling stations were estimated using the evaluation matrix generated from PCA and parameter 
weights from Entropy method. Combined PCA – Entropy model provides fast, time saving and reliable results 

and it takes care of the uncertainty as well unlike conventional PCA model. The overall river water quality, 
parameters order of importance and station rank can be computed using this combination model.  

Keywords: Surface water; assessment; PCA; Entropy; factor; evaluation matrix; synthetic scores 

1. Introduction

Water is essential for life and a nominal supply of clean-safe drinking water is required for the 
sustenance of life. Hence maintaining the water quality and its continuous assessment is a huge 

concern. Water quality modelling is inherently uncertain in nature. In a water quality system, 

significant uncertainty exists due to limited availability of data, vagueness involved in the boundary 

distinction of the water quality parameters and definition of water quality criteria considered and so 

on. It is very important to develop water quality assessment models in these aspects incorporating 
uncertainty. The surface water quality modelling approaches have made a great progress over the 

years. Innumerable modelling approaches using Principal Component Analysis (PCA), Fuzzy 

mathematics, Entropy technique etc was developed for the assessment of water quality; however, each 

surface water quality model has its own limitations which led to the development of new techniques 

to ensure a proper water quality assessment.  

Multivariate analysis techniques namely Principal Component Analysis (PCA) has been 

employed by Vikram Bhardwaj et al (2010), Sukarma Thareja et al. (2011) and so on, in various 

studies of water quality assessment. PCA gave simpler and more easily interpretable results for the 
evaluation of water quality data. It was stated that more frequently observed data help in obtaining 

more meaningful principal components. PCA helps in extracting major components amongst the 

available parameters such that every parameter has a contribution in the component loading. The 

percentage variance of the data set is explained by the extracted components in the decreasing order of 

importance. S.S. Mahapatra et al. (2012) used a PCA-based classification technique for classifying 
water samples. It was found that the approach they adopted is efficient and computationally elegant for 

classification of water samples. Importantly, it can be used in the field and laboratory due to easy 

accessibility and availability of statistical package. A Mishra et. al (2010) treated the dataset using 

PCA method to extract the parameters for assessing the variation in water quality. They identified four 
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principle factors responsible for 90% of total variance of the same dataset. High and positive 

correlation was observed between pH, biological oxygen demand (BOD), chemical oxygen demand 

(COD), temperature and different bacterial population which are responsible for faecal contamination 
in river. 

Twinkle Tayal and Prema (2013) introduced a technique to estimate the drinking water quality 

using the fuzzy logic on the basis of several physical, chemical and microbiological indicators of 

water. Fuzzy logic model is used in this study to define the fuzziness in the water quality data and the 

difference of influence on water quality of each parameter by developing membership functions for 
parameters. Xiaojing Wang et al (2013) introduced Fuzzy-Entropy method for water quality 

evaluation by considering the data to follow semi-normal distribution membership functions. Entropy 

weight method was used to calculate the entropy weight of each indicator according to the variation of 

each indicator. The similarity measures for water quality assessment were the main focus of the study. 

This paper mainly focuses on evolving a methodology for accessing surface water quality using 

PCA and Entropy weighing method (EWM). PCA is most commonly used to dimensionality 
reduction with a minimal loss of information. The major components are extracted in the decreasing 

order of importance such that the first component expresses the maximum percentage variance of the 

data set. It expresses the importance of every parameter in each extracted component with the help of 

component loading matrix. The major drawback of this method is that it does not take into account the 

uncertainty involved in water quality data. Inclusion of Entropy weighing method into PCA solves 
this problem. Entropy is a measure of the amount of chaos or the lack of information about a system. 

The weights of the associated parameters of water quality associated parameters are computed using 

an objective approach, Entropy weighing method using the available data set. The weights determined 

using this method are not subjected to bias. Combined PCA-Entropy method considers the advantages 

of both the techniques resulting in a better model. The methodology followed in this model and its 
application to the chosen study area is explained in the sections below. 

2. Methodology

The modelling strategy involved in the development of a PCA-Entropy model has two parts: Principal 

Component Analysis and Entropy weighing method. PCA is used for deriving hidden information 

from the data set about the possible influences of the environment on water quality. Entropy weighing 

method is an objective approach in which the weight values of individual indicators are determined by 
calculating the entropy and thereby the entropy weight. The water quality assessment using PCA - 

Entropy combination was made use in the assessment of overall water quality assessment and station 

wise quality assessment for a river system. The sequential steps involved in the development of 

Combined PCA -Entropy model is described below: 

Step-1: Calculation of Correlation 

Matrix Correlation refers to how much one variable is related with another variable. Correlation 
matrix is a type of matrix that provides the correlation between whole pairs of data sets in a matrix.  

The correlation between two variables is perfect between the ranges -0.8 to 0.8. The correlation of a 

variable with the same variable is 1, which means they are perfectly correlated. Depending upon the 

degree of relation between the variables they can be positively correlated, negatively correlated and 

zero correlation. 

Correlation matrix =      (1) 

where,   (2) 

1  Pxy  Pxz 
Pyx  1  Pyz 
Pzx  Pzy  1 









22 )()(

))((

yyxx

yyxx
P

ii

ii

xy

427



Similarly, Pxz, Pyx, Pyz, Pzx , Pzy were also found in the same manner. 

Step - 2: Sampling adequacy 

The data evaluated should be such that it should be suitable for further analysis and interpretation of 

results. The measure of how suitable the data is for analysis is called Sampling Adequacy. It is 

explained on the basis of KMO and Bartlett Test of Sphericity.  

The minimum suggested value of KMO is 0.5 and a higher value is appropriate. Bartlett's Test 

of Sphericity compares an observed correlation matrix to the identity matrix. Essentially it checks to 
see if there is a certain redundancy between the variables that we can summarize with a few number of 

factors. A value lesser than 0.05 is considered to be appropriate. 

Step - 3: Computation of eigenvalues and eigenvectors 

The total amount of variance that can be explained by a given principal component is  known as the 

Eigen value. A principal component is defined as the linear combination of the original variables. A 

vector x having the same direction as Ax is called the Eigen vector of A. The Eigen vector represents 
the weight of each Eigen value. 

   AX = λX      (3) 

Step - 4: Finding Total variance 

The total variance of a dataset denotes how far the dataset is spread out. It is defined as the average 

squared deviation from the mean square. 

          (4) 

Here xi denotes a variable in a sample, x  denotes the mean of the x variables and m is the number of 

data points.  

Step - 5: Extracting principal components 

Initially there are as many numbers of components as there are variables. Extraction was done based 
on Kaiser criteria, i.e. variables having Eigen values greater than 1 were extracted as the principal 

components. But if the accumulative variance percentage is less than 85% more components were 

extracted so that most of the information available in the original observed variable is compressed in 

the form of principal components. 

Step - 6: Computation of component matrix 

Component loadings give the correlation coefficients between the variables (rows) and extracted 

components (columns). Component matrix was obtained by post multiplying the matrix of 

eigenvectors by the matrix of square roots of the eigenvalues.  

Step - 7: Estimation of communalities 

The total amount of variance an original variable shares with all the other variable is known as 

communality. The initial communality is equal to unity and the extraction communality is defined as 

the squared loading of the principal components of each variable. The "extracted" communality gives 

the percent of variance in a given variable explained by the factors which are extracted.   

Step - 8: Rotation and Rotated component matrix 

Rotation is a method used to simplify the interpretation of factor analysis. Orthogonal rotation 
(Varimax) rotates the axis such that the two vertices remain perpendicular to each other. Rotation 
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optimizes the factor structure such that the relative importance of both the factors is equalized. Rotated 

component matrix is same as the component matrix except that it is calculated after rotation.  

Step - 9: Parameter Loading 

The last step parameter loading involves finding the weights of each water quality parameter. It is 

done with the help of factor equations developed for all the extracted components.  The first principal 
component (F1) is given by the linear combination of the variables U1, U2, ..., UP

                                                                                                                  (5) 

where, w11, w12 etc are the weights or component loadings. The first principal component is calculated 

such that it accounts for the greatest possible variance in the data set. Of course, the variance of F1 can 
be made as large as possible by choosing large values for the weights w11, w12, ..... w1p. To prevent 

this, the component loadings are calculated as shown below.

 Coefficient of the parameter = 
√ 

 (6) 

The second principal component is calculated in the same way, with the condition that it is 

uncorrelated with (i.e., perpendicular to) the first principal component and that it accounts for the next 

highest variance.  

(7) 

This continues until a total of „p‟ extracted principal components have been calculated. A single factor 

equation was synthesised as:   

       (8)

where, 

                                                                                                       (9) 

%VRC1 – percentage variance of rotated component-1 

%VRC2 – percentage variance of rotated component-2 

Similarly, up to, %VRCp – percentage variance of rotated component-p 

Step - 10: Entropy weighing method 

It is an object empowerment approach in which the weight values of individual indicator are 

determined by calculating the entropy and entropy weight. The greater the entropy value, the smaller 

the corresponding entropy weight is. If the entropy weight is zero, it provides no useful information to 

the decision-maker, and this indicator may be removed. The methodology for estimation of entropy 

and the weights is adopted from Meera and Jairaj (2016) 

The X matrix is developed from the factor equations obtained from PCA and Entropy weighing 

method is carried out as follows. 

1. Normalize the evaluation matrix, X to obtain R = (rij) mxn where rij is the j
th

 evaluating object for

i
th

 indicator and rij ϵ [0, 1]. This will in turn generate positive/negative indicators for the variables.

Positive indicators – Bigger the value the better (Eg: DO)

                                  (10) 
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   Negative indicators – Smaller the value the better (Eg: Temperature, Specific conductance) 

                          (11) 

2. The information entropy was computed as

               (12) 

 here,     (13) 

where, K is a positive constant, relevant to number of sampling stations, s  of the system. When 
the samples are completely in disordered state,  

 K = 1/ log (s)  (14) 

3. Then the entropy weight can be calculated with the following formula:

 (15) 

Step - 11: Combined PCA - Entropy method 

The modeling strategy used for the development of combined PCA-Entropy model is shown in Fig. 1. 

 

Fig. 1 Steps in Combination of PCA-Entropy method 

The synthesized factor equations are formulated for all the sampling stations as per the Equation 

(5,6,7,8 and 9) mentioned in the Step – 9. A matrix, X is formed with the help of thus computed 

synthesized factor equations of the all the stations. Here, the column denotes water quality parameters 

and row indicates the sampling stations respectively.  

  (16) 
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The above matrix data is then analyzed using Entropy weighing method as discussed in Step - 10. 

This will help in the computation of the single set of entropy weights for the chosen water quality 

parameters of all the stations. 

 (17) 

The synthetic scores Si can be calculated using the equation, 

 (18) 

The ranking of all the stations is done based on the synthetic scores, higher the synthetic scores higher 

will be the ranking and vice versa.  

3. Study Area

The study area pertains to the Keno Reach of Klamath River at Central Oregon in USA. It lies at a 

latitude of 42o 7‟59.44” N and a longitude of 121o 57‟ 43.22” W. Four water quality 

parameters considered for the study are Temperature, Dissolved Oxygen, pH and Specific 
conductance at 8 sampling stations of this river from 1st January 2015 to 1st January 2019 (daily mean 

data) for analysis. Dataset was taken from (http://or.water.usgs.gov/proj/keno_reach/monitors.html) 

USGS site.  

4. Analysis

Firstly, PCA was done for all the 8 sampling stations pertaining to the study area. The analysis part of 
PCA is explained below with the help of sampling station 5. Secondly, Entropy weighing method was 

used to compute the objective weights of all the 4 water quality parameters for the river body. Finally, 

PCA was combined with Entropy weighing method to develop PCA-Entropy model. 

4.1 PCA 

PCA is a mathematical tool using linear algebra and Statistical Package for the Social Sciences 

(SPSS) software is used for the analysis. 8 active sampling stations were identified across the Keno 

reach of Klamath river and the daily mean data of the water quality parameters like temperature, pH, 

DO and specific conductance were analyzed. 

Water quality parameters had different magnitudes and scales of measurements so its need to 

be standardized.  Raw data were converted to unit less form of zero mean and variance of one, by 

subtracting from each variable the mean of data set and dividing by standard deviation. Data in Table 

1 provide the correlation matrix of the water quality parameters obtained from the PCA of Station 5. 

Table 1 Correlation Matrix 

Temp (
o
C) DO (mg/L) pH (std unit) Sp. Cond. (μS/cm) 

Temp (
o
C) 1.000 -0.655 0.572 -0.780

DO (mg/L) -0.655 1.000 -0.349 0.406 

pH (std unit) 0.572 -0.349 1.000 -0.338

Sp. Cond. (μS/cm) -0.780 0.406 -0.338 1.000 

The Kaiser-Meyer-Olkin measure of sampling adequacy for the sample station is 0.579, indicating 

that the present data is suitable for analysis. Bartlett‟s test of sphericity is highly significant (p<0.001), 

indicating sufficient correlation between the variables to proceed with the analysis (Table 2). 
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Table 2 KMO and Bartlett‟s Test 

Kaiser-Meyer-Olkin Measure of Sampling Adequacy 0.579 

Bartlett‟s test of sphericity 0.000 

Table 3 Total Variance Explained 

Component 
Initial Eigen Values Extraction Sums Of Squared Loadings 

Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 2.612 65.290 65.290 2.612 65.290 65.290 

2 0.666 16.668 81.958 0.667 16.668 81.958 

3 0.604 15.089 97.047 0.604 15.089 97.047 

4 0.118 2.953 100.000 

The first three principal components (PC) is the most significant component which represents more 

than 97% of the variance in water quality of the river Klamath. Total variance of 65.29% is 

represented by PC1, 16.668% by PC2 and 15.089% by PC3 as shown in Table 3. Table 4 indicates the 

component matrix.  
Table 4 Component Matrix 

Parameters 
Component 

1 2 3 

Temp (
o
C) 0.957 -0.090 0.045 

DO (mg/L) -0.794 0.490 -0.321

pH (std unit) 0.708 0.647 0.271

Sp. Cond. (μS/cm) -0.752 -0.022 0.652

Communalities provide an index to the efficiency of the reduced set of components and degree of 

contribution of each variable in the selected three components.  The extracted communalities are the 

sum of the squared loadings of the PC for each variable and are represented in Table 5. 

Table 5 Communalities 

Parameters Initial Extraction 

Temp (
o
C) 1.000 0.925 

DO (mg/L) 1.000 0.973 

pH (std unit) 1.000 0.993 

Sp. Cond. (μS/cm) 1.000 0.991 

Table 6 Rotated Component Matrix 

Parameters 
Component 

1 2 3 

Temp (
o
C) -0.714 -0.481 0.428 

DO (mg/L) 0.966 0.152 -0.127

pH (std unit) -0.190 -0.172 0.963

Sp. Cond. (μS/cm) 0.217 0.956 -0.170

Table 6 represents the component matrix after varimax rotation, which indicates that there is no 
correlation between components, so each of the components represents a discrete unit from others. 

Varimax brings maximum data aligned into the principle component axis and rotation transforms the 

initial factors into new ones that are easier to interpret. 
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As explained in Step – 9 of Section 2, the derived values of percentage variance and component 

matrix from Tables 3 and 4 were used for finding the weights of each water quality assessment 

parameter. The first three principal components F1, F2 and F3 were formulated following Equation (5) 
and (6) to obtain Equation (19) as follows: 

   F1 = 0.592 u1 – 0.491 u2 + 0.438 u3 – 0.465 u4 

 F2 = - 0.110 u1 + 0.60 u2 + 0.792 u3 - 0.027 u4  (19) 
 F3 = 0.058 u1 - 0.413 u2 + 0.349 u3 + 0.84 u4 

The synthesized factor equation of the sample station is computed using Equation (8) and (9). 

 F = 0.388 u1 – 0.163 u2 + 0.485 u3 - 0.185 u4  (20) 

In the synthesis model, the related coefficient of each parameter is their corresponding weights and 

the weight values of the water quality parameters obtained after normalization are given as follows:  

     W = [ 0.317  0.133  0.397  0.151]  (21) 

  [ Temp  DO  pH  SC] 

For example consider the Temperature weight, 0.317 is obtained as 0.388/ (0.388 + 0.163 + 0.485 + 
0.185); i.e the coefficient of Temperature divided by the sum of all other parameter coefficients from 

Equation (6). Similarly, the weights of all the other parameters are also estimated.  

Table 7 Synthesized Factor Equations 

Stations Synthesized Factor Equation 

1 F = (0.338Temp + 0.145DO + 0.474 pH  + 0.088SC) 

2 F = (0.446Temp - 0.444DO + 0.413pH + 0.186SC) 

3 F = (-0.421Temp + 0.478DO - 0.015pH + 0.448SC) 

4 F = (0.409Temp - 0.151DO + 0.497pH - 0.209SC) 

5 F = (0.388Temp - 0.163DO + 0.485 pH  - 0.185SC) 

6 F = (-0.106Temp + 0.298DO + 0.353pH + 0.402SC) 

7 F = (0.427Temp - 0.138DO + 0.467pH  - 0.158 SC) 

8 F = (-0.344Temp + 0.363 DO + 0.010 pH + 0.459 SC) 

Table 8 Weights of Parameters 

Stations 
Weights of Parameters 

(Temp, DO, pH, SC) 
Order Of Importance 

1 W = ( 0.323, 0.453, 0.139, 0.084) DO > Temp > pH > SC 

2 W = ( 0.299, 0.308, 0.217, 0.124) DO > Temp > pH > SC 

3 W = ( 0.308, 0.351, 0.015, 0.328) DO > SC> Temp > pH 

4 W = ( 0.323, 0.119, 0.392, 0.165) pH > Temp > SC > DO 

5 W = ( 0.317, 0.133, 0.397, 0.151) pH > Temp > SC > DO 

6 W = ( 0.091, 0.257, 0.304, 0.346) SC > pH > DO > Temp 

7 W = ( 0.358, 0.115, 0.392, 0.132) pH > Temp > SC > DO 

8 W = ( 0.292, 0.308, 0.008, 0.390) SC > DO > Temp > pH 

The order of importance of the sampling station is estimated based on the weights of the water quality 
parameters. Larger the weight higher the order of importance. The order of importance of the sample 

station is pH > Temp > SC > DO. Similarly, the factor equations of all the 8 stations in the Klamath 

river basin is calculated as mentioned above. The synthesized factor equations of the 8 stations are 
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represented in Table 7. The weights and its order of importance of the 8 sampling stations are listed in 

Table 8. This gives a clear picture of how the parameters behave for all the stations throughout the 

river. 

4.2 Entropy weighing method 

The factor equations were converted to the evaluation matrix X as tabulated in Table 9 and the 
entropy weighing method was carried out as explained in Step – 10 to obtain the entropy and 

corresponding parameter weights as indicated in Table 10. 

Table 9 Combined Evaluation Matrix, X 

Table 10 Combined Entropy & weights of Parameters 

4.3 Combined PCA- Entropy method 

The ranking of 8 stations are calculated using the Equation (18). The synthetic scores of each station 

and its ranking are tabulated in Table 11. 

Table 11 Synthetic Scores and Ranking 

5. Results & Discussions

PCA has been applied for the assessment of evaluation of monitoring stations, pollution identification 

with in the river basin. This modelling procedure led to overall river water quality assessment and 

station-wise quality assessment. There are 3 pair of nearby stations (Station 1 & 2, Station 4 & 5 and 
Station 7 & 8). Though Station 7 and Station 8 are located nearby, both stations have completely 

different order of parameters of weights. Order of importance of Station 7 is pH > Temp > SC > DO 

and Station 8 is SC > DO > Temp > pH. This indicates that there is pollution or nutrient disposal 

between the two stations. 

Stations Temp (
o
C) DO (mg/L) pH (std unit) Sp. Cond. (μS/cm) 

1 0.338 0.145 0.474 0.088 

2 0.446 -0.444 0.413 0.186 

3 -0.421 0.478 -0.015 0.448 

4 0.409 -0.151 0.497 -0.209

5 0.388 -0,163 0.485 -.0185

6 -0.106 0.298 0.353 0.402

7 0.427 -0.138 0.367 -0.158

8 -0.344 0.363 0.010 0.459

Parameters Entropy Weights 

Temp (
o
C) 0.692 0.315 

DO (mg/L) 0.886 0.116 

pH (std unit) 0.653 0.354 

Sp. Cond. (μS/cm) 0.790 0.215 

Stations Synthetic Scores Ranks 

1 0.310 I 
2 0.275 II 

3 0.014 VIII 
4 0.242 IV 

5 0.235 V 
6 0.212 VI 
7 0.250 III 

8 0.036 VII 
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The synthesized factor equations mentioned in Table 7 was converted into X matrix (Table 9) 

and entropy weighing method was done. The weights were determined for the four parameters 

Temperature, DO, pH, Specific Conductance as 0.315, 0.116, 0.354 and 0.215. In comparison with 
PCA, the order of importance of parameters obtained using combination was pH > Temp > SC > DO, 

which is similar to Stations 4, 5 and 7. The synthetic scores and the ranking of the stations were 

tabulated in Table 11. It is inferred that the station 1, 2, 4, 5 and 6 have ranks same as their station 

order. Though station 7 is found to have pollution it comes 3rd in the order of importance. 

6. Conclusions

A water quality assessment model combining the PCA and entropy weighing method is presented in 
this paper. Initially, the data is analyzed by the PCA method to reduce its dimensionality and some 

stations indicate that have a higher degree of pollution. Secondly, the PCA results were incorporated 

into entropy weighing method to obtain more precise weight of parameters of stations along Keno 

reach of Klamath river Oregon and California. 

Compared to the respective individual results of PCA, combination of PCA - Entropy model is 
more precise and feasible and these reliable results can be very useful and valuable to pollution 

control strategies, as well as future plan management on the surface water. The combination has led to 

a single set of weights for all the stations incorporating uncertainty unlike conventional PCA and 

station-wise order of importance can also be evaluated from their ranks. 
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Abstract 

In order to carry out river rejuvenation, existing water quality and trends in the water quality of that river is 
essential. To study the present water quality and changes in water quality due to rapid growth in population, 

urbanization and industrialization, 127 km stretch of Mula-Mutha river flowing through Pune city and suburbs 

starting from Khadakwasla dam (S1) up to Daund (S7) located in upper Bhima Basin was selected. This work 

was carried out as a Purpose Driven Study (PDS) under National Hydrology Project (NHP). This study will help 

to suggest improvement measures for restoration of water quality. During February 2020, a field visit was 

carried out to collect in-situ data, water and biological samples from seven locations. Laboratory analysis was 

carried out for Physico-chemical and biological parameters. Based on the results obtained during the entire 

study period, spatially Mula-Mutha River can be divided into 3 zones.  The middle portion of the river of the 

length 15 km was observed to be heavily polluted having dissolved oxygen levels dipped to 0 mg/l or very close 

to 0 in three locations and causing damage to river ecology and self-purification of the river. Possible reasons 

for spatial variation in Mula-Mutha river water quality and its implication on river rejuvenation are discussed in 
detail in the paper. The water quality data obtained through field visits and spatial variations observed through 

data analysis are used in developing a water quality model for the Mula-Mutha River. 

Keywords: River; water quality; river rejuvenation; mula-mutha river 

1. Introduction

Rivers are the lifeline of many cities and towns along their banks in the entire world. Rivers are 

complex and dynamic. The health of a river is directly linked to the health of the surrounding 
watershed. The water quality in a river deteriorates, if the watershed conditions deteriorate. A river 

often acts as a sink for contaminants discharged along the river, such as untreated sewage, effluents 

from waste water treatment plants that discharge nutrients, heavy metals and/or pathogens into the 

river. The impact of pollutant loadings to a river is largely determined by the magnitudes of the 
loadings, the flow rate, geometry of the river and manmade structures like weirs. Water quality is a 

complex subject, which involves determining physical, chemical, hydrological and biological 

characteristics of water and their complex and delicate relations. To carry out river rejuvenation, 
existing water quality and trends in the water quality of that river is essential. 

 Half a century ago, most of the rivers in India were biologically in good condition, which met the 
needs of basin populations in different ways. Juahir et al. (2011) illustrated that the industrial 

revolution, increased the trend of population coupled with rapid urbanization during the past few 

decades depleting the health of the river ecosystem which leads towards river pollution. Uncontrolled 

and injudicious exploration of water bring the change in the physical, chemical, biological quality of 
the water due to that water become unfit for drinking and other domestic usages. Trujillo-Gonzalez et 

al. (2011) said that the polluted water in rivers not only effects on the river ecosystem but it also 

contributes soil pollution in its basin where river water is used in agriculture to irrigate farmlands. 
Polluted rivers also contributed in seas, oceans, reservoirs pollution because it is a major pathway 
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through which pollutants, end products of chemical and physical weathering transported towards it 

(Jones et al. 2015). 

The Pune city is situated on the banks of rivers Mutha and Mula-Mutha, therefore these rivers play a 
major role in the development of Pune city. Since the past few decades, industrial development 

occurred in the nearby area of Pune city, which leads to heavy and rapid urbanization in the basin of 

these rivers (Wagh et al. 2008). This dense basin with its rich water resources has always been subject 

to high socio-economic pressure due to rapid growth in population, urbanization, agricultural 
practices, industries and deforestation resulting in depletion of its natural characteristics of the rivers 

(Jagtap and Manivannan 2019). Hence, from the past few years, many studies on the water quality of 

these rivers were carried out by individual persons and various research organizations. As of all these 
studies, it is noticed that the quality of river water decreases day by day. Natural activities such as 

geological, hydrological, climatic and anthropogenic activities such as direct discharge of sewage, 

industrial effluents, intensive farming, overuse of fertilizers, riverside constructions etc. responsible 

for pollution (Deshmukh 2013). 

Polluted water is harmful to the living organisms hence the water quality standards guidelines were 

set by the different types of water by the government or by various international organizations such as 
the Bureau of Indian Standard (BIS), Indian Council of Medical Research (ICMR), Central Pollution 

Control Board (CPCB), World Health Organisation (WHO) etc. In the downstream of Pune city, the 

water of the Mula-Mutha River is used for drinking, agricultural, industrial purposes hence it is very 
essential to check the suitability of water quality as per standards. Central Water and Power Research 

Station (CW&PRS) working on Mutha and Mula-Mutha rivers to monitor the quality of water (Hande 

et al. 2016). The work presented in this paper was carried out as a part of Purpose Driven Study (PDS) 

under National Hydrology Project (NHP). Possible reasons for spatial variation in Mula-Mutha river 
water quality and its implication on river rejuvenation are discussed in the paper. The water quality 

data obtained through field visits and spatial variations observed through data analysis are used in 

developing a water quality model for the Mula-Mutha River. 

1.1 Study Area 

The Mutha River is a river in western Maharashtra. It originates in the Western Ghat and flows 

eastwards until it merges with the Mula River at Sangamwadi in Pune city. After the confluence of the 
rivers Mutha and Mula further flow is known as river Mula-Mutha, which later meets to Bhima River 

near Pargaon in the Pune district. To provide water for drinking, agricultural and industrial purposes 3 

dams namely Temghar, Panshet and Khadakwasla were constructed on the Mutha rivers upper 
catchment area while in the lower catchment some weirs were constructed to supply water for 

agricultural and other purposes. Figure 1 illustrate the map of study area with sampling locations. 

Figure 1Map of Mula-Mutha River with sampling locations 
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2. Experimental Program

The present study was conducted for the assessment of the existing water quality and spatial variation 

in water quality of Mutha and Mula-Mutha rivers. To assess the water of Mutha and Mula-Mutha 
rivers, seven sampling locations were fixed in such a way that it should represent urban as well as the 

rural area along with different natural and anthropogenic influences. Table 1 represents sampling 

locations with detailed information. 

Table 1Detailed description of the study sites at Mutha and Mula-Mutha rivers along with the 

respective point and nonpoint sources of Pollution. 

Sampling Site Abbreviation 
Geomorphic Co-

ordinates 
Major Natural/Anthropogenic Influences/Threats 

Khadakwasla 

Dam 
S1 

N 18.43758 

E 73.77177 

Agricultural runoff, Geological weathering, 

religious ritual activities, Bathing 

Dattawadi S2 
N 18.50221 

E 73.83707 

Urban runoff, domestic waste disposal, religious 

ritual activities, domestic sewage water, bathing, 
cloth washing. 

Bundgarden S3 
N 18.54371 

E 73.88289 

Boating, Urban runoff, domestic waste disposal, a 

heap of municipal solid waste disposal along the 

riverbank, religious ritual activities, domestic 

sewage water, bathing, cloth washing. 

Kharadi S4 
N 18.54416 

E 73.95138 

Urban runoff, domestic waste disposal, a heap of 

municipal solid waste disposal along the riverbank, 

religious ritual activities, domestic sewage water, 

commercial industries effluents, bathing, cloth 
washing, 

Khamgaon S5 
N 18.54187 

E 74.21316 

Agricultural runoff, Agricultural pumping station, 

religious ritual activities, domestic sewage water, 

bathing, cloth washing, Fishing, Cattle Swimming 

Pargaon S6 
N 18.56793 

E 74.37746 

Agricultural runoff, Agricultural pumping station, 

religious ritual activities, domestic sewage water, 

bathing, cloth washing, Fishing, Cattle Swimming 

Daund S7 
N 18.48714 

E 74.56446 

Agricultural runoff, Agricultural pumping station, 

religious ritual activities, domestic sewage water, 

bathing, cloth washing, Fishing. Cattle Swimming 

The field study was carried out in February, 2020. Before the site visit, the sampling plan was 
prepared and as per requirement, essential field material was arranged. For the collection of the water 

samples, pre-cleaned narrow-mouth polyethylene bottles were used. At the time of actual sampling, 

each bottle was labelled with sample number and sample location details. From each sampling point, 

water samples were collected in 3 different bottles for the analysis of Physico-chemical, BOD and 
microbiological parameters. In-situ water quality parameters like pH, Electrical Conductivity (EC), 

Total Dissolved Solids (TDS), Dissolved Oxygen (DO), Water Temperature, Turbidity measurements 

were done by using multi-parameter water monitor (Make: YSI Exo 1). Laboratory analysis of 
different water quality parameters, its analysis method and units were mentioned in table 2. Along 

with in-situ water quality parameters, field observations and sampling locations details like GPS 

coordinates were noted. 
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Table 2Water quality parameters and their analytical method 

2.1 Result and Discussion 

Observed values of water quality parameters of seven sampling locations with Minimum, Maximum 

and BIS water quality standards were shown in table 3. The large range of variations was observed in 

some water quality parameters. 

Water temperature is an important parameter in the determination of EC, pH and DO. It will effect on 
chemical and biological reactions, alkalinity chemical equilibrium of water. In the present study 

temperature of water ranges from 24.2 oC to 25.9 oC. 

The variations in pH values may be due to an increase or decrease of human and other biological 

activities. pH values are observed in the range from 7.09 (S3) to 8.50 (S7). The permissible limit of 
pH values for drinking water is specified as 6.5 to 8.5 as per BIS, therefore all the observed values are 

within the limit (Figure 2). 

Total Dissolved Solids (TDS) may be considered as salinity indicators for water samples. It is in water 

samples due to the presence of Cations and Anions. In this study TDS varied from 36.7 mg/l to 858.7 

mg/l. The red dotted line in Figure 3 shows the BIS acceptable limit for drinking water, it means that 

the TDS value of the location of S6 and S7 is higher than the acceptable limit. 

Sr. No Parameter Method/Technique Unit 

1 Biochemical Oxygen Demand (BOD) 20 oC for 5 days mg/l 

2 Chemical Oxygen Demand (COD) Reflux Digestion Method mg/l 

3 Chloride (Cl-) Titrimetric (AgNO3) mg/l 

4 Nitrate (NO3
-) UV Spectrophotometer mg/l 

5 Phosphate (PO4
3-) UV Spectrophotometer mg/l 

6 Calcium (Ca+2) Flame Photometer mg/l 

7 Magnesium (Mg+2) Flame Photometer mg/l 

8 Sodium (Na+) Flame Photometer mg/l 

9 Potassium (K+) Flame Photometer mg/l 

10 Coliform Most Probable Number (MPN) cfu/ml 

11 Thermotolerant (T) Coliform Most Probable Number (MPN) cfu/ml 

12 E-Coli Most Probable Number (MPN) cfu/ml 
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Turbidity of water reflects the transparency in water and it is caused by the suspension of particulate 
matter. In natural water, it is caused by organic matter, clay, silt, and other microscopic organisms. 

The turbidity of river water ranged from 24.4 NTU to 485.3 NTU. BIS acceptable limit for drinking 

water is 1 NTU, while in the present study all samples crossed this limit (Figure 4). 

Dissolved oxygen content in water reflects the physical and biological processes prevailing in water 
and is influenced by aquatic vegetation. Low oxygen content in water is usually associated with 

organic pollution. DO is ranged from 0.15 to 7.52 mg/l in the study area, whereas the prescribed limit 

by CPCB (1979) for class 1 water (Stream) is > 6.0 mg/l. In this study, location S1 and S7 show good 

DO (Figure 5).  

BOD gives a quantitative index of the degradable organic substances in water and is used as a 
measure of waste strength. The low BOD value in the water sample shows a good sanitary condition 

of the water. In this study, BOD ranges from 0.96 to 70.2 mg/l. The suggested BOD for stream waters 

is 2 mg/l by CPCB (1979), which was observed at only one site i.e. S7 (Figure 6).   

COD is a measurement of the oxygen required to oxidize soluble and particulate organic matter in 
water. The low COD value in the water sample shows the good health of the water. In this study, 

COD ranges from 43.95 to 769.16 mg/l. The suggested COD for stream waters is 250 mg/l by MoEF 

(1993), which was observed at only one site i.e. S1 (Figure 7). 
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In the river, water Nitrate comes from chemical fertilizers, agricultural runoff, sewage water and 
organic matter. In the present study, nitrate ranged from 0.12 to 21.67 mg/l.  BIS set nitrate limit in 

drinking water is 45mg/l, which was not observed at any of the sites (Figure 8). The lowest value 

observed at S1 and then it is gradually increasing towards S7. 

Chloride in excess imparts a salty taste to water and people who are not accustomed to high Chlorides 
can be subjected to laxative effects. In the present study, chloride ranged from 27.99 to 169.94 mg/l. 

BIS set chloride limit in drinking water is 250mg/l, which was not observed at any of the sites (Figure 

9). The lowest value observed at S1 and then it is gradually increasing towards S7. 

Phosphate is useful in determining whether the pollution is due to domestic sewage. Phosphates enter 

into the river through Phosphorous rich bedrock, laundry, industrial effluents, human and animal 
waste and fertilizers. The range observed for phosphate was 0.33 – 43.14 mg/l. The lowest value was 

observed at S1 and then it is gradually increasing towards S6 (Figure 10). 

The observed range of calcium is from 22.09 to 224.47 mg/l, the lowest values found at S1 then it 

gradually increased towards S7 except at S4. BIS set its limit in drinking water is 75 mg/l, in this 
study only at S1 calcium value is under the limit. Magnesium varies from 4.15 to 49.63 mg/l, as per 

the BIS standard its acceptable limit is 30 mg/l and in this study location number S1, S2 and S3 shows 

values within the limit. Sodium and Potassium values ranges from 10.8 to 38.2 mg/l and 2.3 to 10.8 

mg/l respectively. Water is an indispensable resource that humans need to live but unfortunately, 
water is also an efficient medium in the transmission of diseases. Waterborne diseases mainly spread 

through microorganisms present in water hence in this study along with the Physico-chemical 

parameter some microbiological water quality parameters like Coliform, T-Coliform and E-Coli were 
studied and obtained results showed in table 3. Most Probable Number (MPN) method was used for 

microbiological analysis. For drinking water WHO set the limit for Coliform, T-Coliform and E-Coli 

is zero or not detected/ml of the water sample. The coliform values were observed from 2.1 x 101 (S1) 

to 2.1 x 1011 (S4) cfu/ml of the water sample (Figure 11). T- Coliform and e-coli values ranged from 0 

to 4.3 x 106cfu/ml and 0 to 4.3 x 102cfu/ml of water sample respectively.  
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3. Conclusions

The water quality is directly related to health hence the security of water quality has been a subject of 
great importance across the public health for determination of water utility. Mutha River is unpolluted 

at the point where they entered the city but got progressively polluted due to the sewage water. The 

results from the present study clearly pointed out that the values of TDS, cations like calcium, 
magnesium and anions like chloride, nitrate and phosphate found gradually increasing order with 

increasing the length of the river from the starting point i.e. from location S1 to S7. The Physico-

chemical parameters like turbidity and BOD values increased with increasing pollution in the city and 

then decreased to the farthest point. DO decrease with increasing pollution load, moreover further it 

recovered slightly due to the self-purification capacity of water.  

Based on the analysis of all water quality parameters and water quality standards, the study area of 

Mula-Mutha River (127 KM) divided into three zones. The sampling location S1 (Zone 1) is less 

polluted, S2 to S4 (Zone 2) is highly polluted and S4 to S7 (Zone 3) is moderately polluted. Sampling 
site S1 (Zone 1) represents upstream of Pune city, S2 to S4 (Zone 2) denotes Pune city area while S4 

to S7 (Zone 3) represents downstream of Pune city. The middle portion of the river (Zone 2) of the 

length 15 km was observed to be heavily polluted having dissolved oxygen levels dipped to 0 mg/l or 

very close to 0 in three locations and causing damage to river ecology and self-purification of the 
river. During the study period lowest DO was observed in S3 location where as highest BOD was 

observed in S4 location and both locations come under Zone 2. With reference to coliform also S1 

(Zone 1) less polluted, S2 to S4 (Zone 2) is highly polluted and S2 to S7 (Zone 3) is moderately 
polluted. In view of the high pollution levels observed in Zone 2 especially locations S3 and S4, that 

stretch of the river need to be prioritized for river rejuvenation activities.   The division of river into 

zones help in the program of river rejuvenation. The water quality data obtained through field visits 

and spatial variations observed along Murtha and Mula-Mutha rivers are used in developing a water 
quality model for the Mula-Mutha River. Moreover, the outcomes of this study will support the 

stakeholder and government agencies for management, enhancement and betterment of the river with 

its ecosystem. 
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Abstract 

Various literature surveys reveal that RS and GIS have not been used to assess the quality of rivers/streams in the 

higher altitude of North-western Indian Himalayan Region (IHR) and to prepare water quality maps that could be 
helpful for decision-makers and the general public to understand the present environmental scenario in the higher 

altitudes of IHR. The current paper presents a case study on the water quality analysis carried out at the Parbati river 

valley of Kullu district, Himachal Pradesh. River Parbati is a tributary of River Beas which rises from the Mantalai 

Glacier Lake to the Pin Parbati Pass and flows from north-northwest to west-southwest direction. The main objective 
of the present study is to develop a GIS based map of the Parbati river basin, highlighting the water quality sampling 

points and to provide information on the spatial distribution of the existing levels of water quality parameters. For this 
thirteen physico-chemical parameters were considered for the analysis. Geographic Information System (GIS) was 

used to represent the spatial distribution of the parameters and raster maps were created. The analysis were carried out 

for both the pre and post-monsoon seasons of 2019. Systematic outcomes don't demonstrate any deterioration in the 

water quality of the water samples collected from 18 sites for both the seasons; all the analyzed parameters were well 

within the desirable limits recommended by WHO (2011) and BIS (2012) for domestic purposes. The main outcome 

of the paper, will be helpful for the planners and designers making qualitative assessment of the water problems and 
devising long-term measures for improving the health of the river especially North-western Indian Himalayan Region. 

Keywords: Water quality, spatial distribution, GIS, Indian Himalayan Region, higher altitude. 

1. Introduction

Water is a vital component of our life support system. However, it has been utilized indiscriminately under 
growing pressure for human consumption and economic activities. This has raised all-round concern about 
its sustainable use that has to be looked at in terms of both quantity and quality. Sustainable socio-economic 
development is essentially dependent on availability of freshwater in any region of the world. Freshwater 
resources, are important for all our domestic, agriculture and industrial activities, mainly consists of surface 
and groundwater regimes. Although these resources make up a meager proportion of freshwater available 

on the planet, they practically provide water for much of our needs. Water is fast becoming a scarce and 
most contended natural resource in what is generally regarded as the third pole of the globe and the water 
towers of Asia - the Himalayas. The Hindu Kush Himalaya (HKH) region is warming rapidly at rates two 
to three times faster than the global average (Singh et al. 2010). Urbanization, in HKH region, has somehow 
remained outside the domains of climate change debate, which has largely been dominated by the receding 
glaciers and its consequences on water availability (Hofer & Messerli 2006). Quality as well as the quantity 
has been severely affected by the unprecedented urbanization that has taken place in the region. The quality 
of surface water reflects significant impacts, including geology of the basin, atmospheric composition, 
climatic conditions, and anthropogenic components (Herojeet et al. 2017). The Urbanization exerts 
tremendous pressure on the naturally available resources such as land, water and biodiversity as well as on 
the climatic regimes and biogeochemical cycles, which in turn, severely affects the urban systems (Grimm 
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et al. 2008). Thus far, urbanization in the Himalayan context has largely been ill planned and haphazard 
further affecting the hydrology of the region and decreased availability of freshwater for domestic use 
(Tiwari et al. 2018). The definition of water quality is very much depending on the desired use of water. 
Therefore, different uses require different criteria of water quality as well as standard methods for reporting 
and comparing results of water analysis (Khodapanah,L., Sulaiman,W.N.A., and Khodapanah, N., 2009). 
GIS is very helpful tool for developing solutions for water resources problems to assess in water quality, 
determining water availability and understanding the natural environment on a local and/ or regional scale. 
From GIS, spatial distribution mapping for various pollutants can be done. 
The water quality analysis ofBhadravathi taluka, Karnataka, India was conducted by Rajkumar et al. (2012) 
based on 12 physico-chemical parameters and used GIS to represent the spatial distribution of water quality 
parameters. GIS based groundwater quality assessment of Vattamalaikarai Basin, Tamil Nadu, India was 
done by Vennila et al. (2008). The above literature survey reveals that RS and GIS have not been widely 
used to assess the quality of rivers or streams and to prepare the spatial distribution maps of various water 
quality parameters in High altitude area of IHR. The main objective of the present study was to develop a 
GIS based watershed delineation map of Parabati River basin as well as to develop stream order map of 
Parbati River basin up to 5th order highlighting the water quality sampling points and provide information 
on the spatial distribution of the existing levels of water quality parameters. 

2. Study Area

2.1.The Parbati Basin 

The Parbati river basin covering an area of 1768 km2 is situated in the North-western IHR of Kullu district 
in the state of Himachal Pradesh. The area is extended from 31 ° 45' 47.165" N latitudes to 32° 12' 34.237" 
N latitudes and 77° 8' 4.382" E longitudes to 77° 51' 44.399" E longitudes (Figure 1 ).Parbati River flows 
through the Parbati valley which is situated in district Kullu, Himachal Pradesh. It ascends from mantalai 
glacier on the western slope of grater Himalaya at an altitude of 5200 m amsl and traverses down through 
deep gorges, rocky hills and narrow valley into the river Beas at Bhunter at an elevation of 1096 m amsl, it 
is among the major tributaries of Beas. The river in general is fast flowing and ferocious, several tributaries 
join the main Parbati River and numerous waterfalls cascade down the steep valley sides. The valley has 
climate variability with the elevation from Hot & sub-tropical in the lower elevation (600-900m) to warm 
temperate (900-1800m), cool temperate (1900-2400m) and cold alpine to glacial (2400-4800m) in the 
northern & eastern mountain ranges (Himshikha et al., 2017). The Parbati valley is rich in plant diversity 
and dense forest because of high precipitation in the form of rainfall in July- September and heavy snowfall 
during winter months of January- March. The Parbati River Basin represents an intricate mosaic of 
mountain ranges, spur hills and valley (Sen and Prasad, 2002). 
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Figure 1: Location of the study area with altitude gradient. 

2.2.Regional Geology 

The Kullu District forms a transitional zone between the lesser and Greater Himalayas and is characterized 
by high NW-SE trending ridges and deep river valleys, a number of which in their upper reaches bear 
imprints of glacial activity of the near past. Geologically, the Parbati valley includes various high grade 
gneiss and schist, pegmatite, migmatite, granite and quartz veins along with carbonaceous phyllite, quartzite 
and limestone bands. The younger group also comprises of four lithological units including the Jan 
quartzite/phyllite/basic flows and Manikaran quartzite/phyllite/limestone (GSI, 1991). The highly jointed 
and fractured quartzites at Kasol and Manikaran are the immediate control for hot water emergence at both 
of these places. As the granites of Parbati valley and the adjacent valleys were found to be 450-1220 Ma 
old, the prevailing geothermal gradient appears to be the source that provides heat to the geothermal system 
in the Parbati valley. Early to middle Proterozoic age crystalline rocks are thrusted over a group of younger 
middle Proterozoic rocks. The dip of the regional thrust is 35°-45° towards north. The thrust is exposed in 
the upstream section of the riverbed at Balargah. The older rocks comprises of four distinct lithological 
associations and are highly metamorphosed (GSI, 1991). Manikaran quartzite is having a regional NE dip 
which ranges from 30°-50° (Jangi et al., 1976). The rock types which are exposed along the road from 
Manikaran to Kasol are white to greyish, well jointed quartzites which are known as Manikaran Quartzite 
(Srikantia and Bhargava, 1998), along with minor slates and phyllites. The hot springs at Manikaran, Kasol 
and Jan emerge through quartzites and at Balargah through carbonaceous phyllites/limestones (CGWB, 
2013). Giggenbach et al. (1983) has also worked on geothermal discharges of Parbati valley and found 
existence of a normal geothermal gradient. Hot springs water temperature varies from 35 °C to 96 °C along 
the Parbati river valley. 

2.3.Drainage patterns of the parbati river basin 
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Figure 2: Drainage pattern of the river Parbati highlighting the Sampling Site. 

The maximum frequency is in the case of first order streams and it has also been observed that there is a 
decrease in stream frequency as the stream order increases. In the Parbati basin, a Tree-like dendritic type 
of drainage pattern develops over the soft sedimentary rocks. It shows that this is an area of comparable 
lithology. Other types of drainage patterns are also significant in the basin, a tributary of Parbati exerts the 
Herringbone type of drainage pattern where the tributaries tributes to the mainstream at almost a right angle. 
It reflects the controls of the underlying rock structure. In the Himachal Himalaya, several faults, lineaments 
are distinct. In some areas Parallel drainage pattern, where the control of the regional slope, parallel faults, 
and lineaments predominate, is also discernible. In this drainage pattern, parents and tributaries flow in a 
parallel way. In some peak of the ridges, the Centrifugal drainage pattern, where streams radiate in all 
directions from a common center, is significant. 

3. Methodology

3.1. Geo database 

Total 18 sampling sites were selected in Kullu district along Parbati River as shown in Figure 2. A total of 
thirty six water samples, eighteen for each season i.e. June 2019 and September 2019 were collected from 
the different sampling sites of Parbati River Basin. Great quality, sealed shut plastic bottles with cover lock 
was utilized for sample collection. Physical parameters like EC, pH, TDS were measured on the spot at the 
time of sample collection using portable water and soil analyzer kit. Major ionic concentrations were 
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measured using standard analytical procedures recommended by APHA (2005).To check the accuracy of 
the chemical analysis, ion balance was checked by Eq. (1) given by Hounslow(1995). 
Charge Balance Error (CBE) = (Ications - IAnions)/ (Ications + IAnions)*100% (1) 
Most of the samples in the chemical analysis are showing CBE around ± 10% 
Bicarbonates, chloride, alkalinity and total hardness were determined using EDT A titrimetric method. 
Sodium and potassium using flame photometric method, nitrate and sulphate by UV spectrophotometric 
method respectively. Table 1 gives the details of the sampling locations. 

3.2. IDW Interpolation Method 

Latitude and longitude data of each sampling locations were captured in Degree, Minutes, Seconds (DMS) 
format. The data was converted to decimal degrees for all the sampling locations and sorted in Excel. Then 
Spatial Analyst Tool of ArcGIS 10.8 software was employed to generate the Interpolated Distance 
Weighted (IDW) map of various water quality parameters of Parbati River. 

3.3. Development of Water Quality Index (WQI) 

Water quality index is one of the most effective tools to communicate information on the quality of any 
water body. Water quality index is defined as technique of rating that provides the composite influence of 
individual water quality parameter on the overall quality of water. It is determined from the view purpose 
of human utilization. For computing WQI, Bureau of Indian Standards (BIS 2012) has considered water 
standard of each chemical parameter in mg/1.In the present study ten water quality parameters, namely, pH, 
EC, TDS, TH, Ca2+, Mg2+,Hco3-,c1-,No3- and so2-4were considered for computing WQI. The calculation 
of WQI isdetermined by the weighted arithmetic index method for the water body with the following 
express10n. 

Sr. No. Sample Sites Altitude (m) Latitude in DD Longitude in DD 

1 Nhyarathach 2958 31.9876 77.5357 

2 Rudranag 2406 32.0001 77.5346 

3 Parvati river Guwacha 2336 32.0043 77.451 

4 Tosh nala 2320 32.0043 77.4529 

5 Barshaini Tail pt 2304 31.9987 77.4481 

6 Manikaran bridge 1756 32.0262 77.3552 

7 Manikaran NHPC 1613 32.0164 77.3282 

8 GrahanNala 1582 32.006 77.3085 

9 Kasol 1577 32.0071 77.3084 

10 Katagla 1531 32.0068 77.29 

11 Sumaropa 1471 32.0053 77.273 

12 MalanaJari 1434 32.0164 77.2514 

13 Shat Nalla 1358 31.9726 77.216 

14 Shat Parbati Confluence 1330 31.9726 77.2125 

15 Charod 1192 31.9194 77.1818 

16 Jiyah 1118 31.8963 77.1483 

17 Hathitha 1112 31.8876 77.453 

18 Bhunter Confluence 1108 31.8858 77.147 

Table 1: Sampling Sites in the Parbati basin 

449



(2) 
Qn = quality rating of nth parameter, V n = estimated value of the nth parameter, Vi= ideal value of the nth 
parameter, Sn = standard permissible value of the nth parameter in most of the cases, Vi = 0 except for 
parameterpH. For pH, Vi =7 and Sn = 8.5. Unit weight (Wn) is inversely proportional to the recommended 
standards for the corresponding parameters. 

Wn =k/Sn (3) 

Wu= Unit weight for the nth parameter, where k is a proportionality constant. 

k= 1/�Sn (4) 

The overall water quality index was calculated by aggregating the quality index with the unit weight 
linearly. 

(5) 

The index equation generates numbers indicating between 1 as excellent and 100 as very poor water quality. 
Water Quality Rating as per weighted arithmetic water quality index method is given by Table 2. 

Table 2: Water Quality Index 

4. Results and Discussion

The average values of the various physico-chemical parameters of water samples collected during pre- and 
post-monsoon seasons of 2019 are presented in the figures 3 and 4, respectively in the form of bar charts. 

WQI Water quality Rating Grading 

0-25 Excellent A 

26-50 Very Good B 

51-75 Good C 

76-100 Poor D 

>100 Unfit E 
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Figure 3: Average values of the various physico-chemical parameters of water samples collected from 

Parbati River during pre-monsoon season 
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Figure 4: Average values of the various physico-chemical parameters of water samples collected from 
Parbati River during post-monsoon season 

4.1. pH 

The analysis of the water samples collected from the 18 sampling sites of Parbati River indicated that the 
average value of pH ranges from 6.7 to 8.6 in Pre-monsoon season which was slightly beyond the 
permissible limit and from 6.48 to 7.32 in the post-monsoon season which was within the limit as prescribed 
by BIS. The pH of the water samples was slightly alkaline due to presence of carbonates and bicarbonates. 
The Interpolated Distance Weighted (IDW) maps presented in Figures 5(a) and 6(a) shows the spatial 
distribution of pH in the Parbati River basin during pre- and post-monsoon season, respectively. 

4.2.Electrical Conductivity (EC) 

EC values ranges between 160.9µS/cm to 197.6µS/cm in Pre-monsoon season andl54.5µS/cm to 
191.lµS/cm which were well within the permissible limits (1500 µSiem ) as prescribed by WHO and it is
fit for drinking and other purposes.The Interpolated Distance Weighted (IDW) maps presented in Figures
5(b) and 6(b) shows the spatial distribution of EC in the Parbati River basin during pre- and post-monsoon
season, respectively.

4.3.Total Hardness (TH) 

Total hardness describes the magnitude of mineralization of water mainly in terms of Ca and Mg, 
bicarbonate, sulphates, nitrates, and chlorides. The spatial distribution of total hardness during pre- and 
post-monsoon seasons in the Parbati River Basin of Kullu district are shown in IDW maps presented in 
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figures 5(c) and 6(c), respectively. In the present study, the total hardness of the water samples ranges from 
53.64 mg/1 to 122.65 mg/1 during pre-monsoon season whereas values of the total hardness varies from 
75.17 mg/1 to 186.63 mg/1 during the post-monsoon season. All the values were within the desirable limit 
(200 mg/1) as prescribed by BIS and are suitable for drinking, domestic and other purposes. 

4.4. Total Alkalinity (TA) 

The alkalinity in water is mainly due to dissolution of carbonates and alumino-silicates. Higher values of 
total alkalinity indicate poor water quality and encourage high primary productivity. The spatial distribution 
of total alkalinity during pre- and post-monsoon seasons in the Parbati River Basin of Kullu district are 
shown in IDW maps presented in figures 5(d) and 6(d), respectively. In this study, the total alkalinity of the 
water samples collected from Parbati River ranges from 148 mg/1 to 168 mg/1 during pre-monsoon season 
and 134.42 mg/1 to 162.29 mg/1 during the post-monsoon season which were within the permissible limit. 
Water samples are suitable for domestic and other uses as bicarbonate content is concerned. 

4.5.Total Dissolves Solid (TDS) 

The concentration of TDS varies from 104.64 mg/1 to 128.46 mg/1 during the pre-monsoon season and 
100.45 mg/1 to 124.24 mg/1 during the post-monsoon season among various sampling locations and all the 
samples were well within desirable and permissible limits as prescribed by both BIS and WHO. The 

Interpolated Distance Weighted (IDW) maps presented in figures 5(e) and 6(e) shows the spatial 
distribution ofTDS in the Parbati River basin during pre- and post-monsoon season, respectively. 

4.6.Magnesium (Mg) 

Figures 5(f) and 6(f) shows the spatial distribution of magnesium during pre- and post-monsoon seasons 
through IDW maps of the Parbati River basin. The value of magnesium in the water samples ranges from 
4.24 mg/1 to 7.48 mg/1 during the pre-monsoon season and from 14.68 mg/1 to 22.44 mg/1 during the post
monsoon season. All the water samples were well within the desirable and permissible limit as fixed by 
both BIS and WHO. 

4.7.Calcium (Ca) 

Calcium is the most abundant ion present in natural waters in the form of carbonates and sulphates which 
is dissolved from rocks pertaining to limestone and gypsum. IDW maps of calcium during pre and post
monsoon seasons are presented in figures 5(g) and 6(g), respectively. Calcium in the water samples varies 
between 9 .36 mg/1 to 14.84 mg/1 in pre-monsoon season and 22.32 mg/1 to 32.39 mg/1 during post-monsoon 
season. However, calcium in all the water samples were well within desirable limit, conditionally best fit 
for drinking purposes. The decrease in calcium content during warmer months is the consequence of 
dilution effect due to melting of nearby glaciers. 

4.8.Potassium (K) 
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In the present study area, potassium is found to vary from 3.2 mg/1 to 3.9 mg/1 during pre-monsoon season 
and from 3.2 mg/1 to 4.8 mg/1 during post-monsoon seasons, respectively. The IDW maps presented in 
Figures 5(h) and 6(h) shows the spatial distribution of potassium in the Parbati River basin during pre- and 
post-monsoon seasons, respectively. 

4.9.Sodium (Na) 

In the study area, sodium content in the water samples ranged from 2.2 mg/1 to 2.8 mg/1 in the pre-monsoon 
season and from 2.4 mg/1 to 4 mg/1 in the post-monsoon seasons, respectively. All the values were well 
within the desirable limit. IDW maps of sodium during pre- and post-monsoon seasons are presented in 
Figures 5(i) and 6(i), respectively. 

4.10. Chloride (Cl) 

From the analysis of the water samples, it was found that the chloride in the water samples ranges from 
0.568 mg/1 to 1.42 mg/1 in pre-monsoon season and from 0.426 mg/1 to 1.562 mg/1 in the post-monsoon 
season, respectively. Chloride in surface water is the result of both natural and anthropogenic sources, main 
sources in natural waters is igneous rocks. The IDW maps presented in Figures 5G) and 6G) shows the 
spatial distribution of chloride in the Parbati River basin during pre- and post-monsoon seasons, 
respectively. 

4.11. Bicarbonate (HCO·) 

From the analysis of the water samples, it was found that the Bicarbonate in the water samples ranges from 
58.56 mg/1 to 82.96 mg/1 in pre-monsoon season and from 164 mg/1 to 198mg/l in the post-monsoon season 
which were well within the limit (500 mg/1) as prescribed by WHO. The IDW maps presented in figures 
5(k) and 6(k) shows the spatial distribution of bicarbonate in the Parbati River basin during pre- and post
monsoon seasons, respectively. 

4.12. Sulphate (SQ4-) 

The analysis of the water samples collected from the 18 sampling sites of Parbati river indicated that the 
values of Sulphate ranges from 1.84 mg/1 to 3.4 mg/1 in Pre-monsoon season and from 1.25 mg/1 to 3.6 mg/1 
in the post-monsoon seasonwhich were within the desirable limit (200 mg/1) as prescribed by both BIS and 
WHO.IDW maps of sulphate during pre- and post-monsoon seasons are presented in Figures 5(1) and 6(1), 
respectively. 

4.13. Nitrate (NQ3·) 

Values of nitrate ranges from 0.8 mg/1 to 1.8 mg/1 in Pre-monsoon season and from 0.98 mg/1 to 2.1 mg/1 
in the post-monsoon season which were within the limit ( 45 mg/1) as prescribed by both BIS and WHO.IDW 
maps of Nitrate during pre- and post-monsoon seasons are presented in Figures 5(m) and 6(m), respectively. 
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Figure 5: Interpolated Distance Weighted map of (a) pH, (b)EC, (c) Total hardness, (d) Total alkalinity, 
(e) TDS, (f) Magnesium, (g) Calcium, (h) Potassium, (i) Sodium, G) Chloride, (k) Bicarbonate, (1) Sulphate,
(m) Nitrate during pre-monsoon
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Figure 6: Interpolated Distance Weighted map of (a) pH, (b)EC, (c) Total hardness, (d) Total alkalinity, 
(e) TDS, (f) Magnesium, (g) Calcium, (h) Potassium, (i) Sodium, (j) Chloride, (k) Bicarbonate, (1) Sulphate,
(m) Nitrate during post-monsoon

4.14. Estimation of Water Quality Index (WQI) 

Water quality index developed for the water samples reveal that 83.33 and 66.67% samples in pre-monsoon 
and post monsoon season respectively fall in good class whereas the percentage of sample falling in poor 
class in pre-monsoon and post-monsoon seasons were 16.67 and 33.33% respectively. The decline in good 
to poor class and rise in poor class in post monsoon season as compared to pre-monsoon season may be 
attributed to dilution due to weathering and precipitation in post monsoon season. The overall water quality 
of the river Parbati for both season falls under good class and WQI for individual samples is represented in 
Table (3). 
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Table 3: Water quality index classification 

5. Conclusion

The physiochemical composition of the water samples indicate that the ionic dominance pattern is in the 
order of Ca2+>Mg2+>K+>Na+ among cations and HCO3 >SO/>NO3> c1- among anions during both the 
pre-monsoon and post-monsoon seasons. During the period of investigation, mean value of all parameters, 
except Ca2+,Mg2+, Na+ and K+, respectively, were more pronounced in post-monsoon than pre-monsoon. 
The pH values in the study area were well within the prescribed limits for both the seasons, EC accounted 
for 100 % within desirable limit with mean values 180.33 and 165.32 µSiem during the period of 
investigation. TDS values were well within desirable limit in both seasons with mean values 11 7 .21 and 
107.46 mg/1. Mean value of total hardness was 95 .24 mg/1 in pre-monsoon and whereas it was 134.45 mg/1 
in post-monsoon. The higher degree of hardness in the study area can definitely be attributed to higher 
soluble concentration of Ca2+, Mg2+ and HCO3 - ions. The calcium concentrations were more prominent 
during post-monsoon than pre-monsoon. Magnesium accounted for 5.52 mg/1 in pre-monsoon and 18.74 
mg/1 for post-monsoon and also majority of samples were within desirable limits. Dissolved magnesium 
exceeds calcium in water once calcium precipitates after reaching super saturation and accounts for higher 
magnesium concentrations than calcium. The higher concentrations of Mg2+ in the study area are due to 
combination of weathering of minerals sandstone, dolomite and also from various effluents from hotels in 
the study area. Mean value of HCOf was more significant during post-monsoon due to dissolution of 
carbonate rocks, weathering of feldspar by carbonic acids and oxidation of NO3- and SO/- with organic 
matter as compared to pre-monsoon. The parameters like Na+, K+, c1-, NO3-, SO/- and Mg2+ were well 
within desirable limits. The water quality analysis of the Parbati river basin during the pre and post
monsoon season of year 2019 is presented in the paper. The IDW maps showing the spatial distribution of 
various physico-chemical parameters are developed using ArcGIS 10.8 software facilitated in identifying 
the potential zones of drinking water quality. 
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Abstract 

Out of the several medium of pollution propagation water is considered as a prime medium which manifest the 

devastating effect of human activities on nature. Due to the ignorance, treatment of these hazardous wastes were not 

done properly and simply dumped on the land or to the water bodies like river and seas which brought an urgent call 

of destruction globally. These contaminate can easily be entered to the food chain and can cause many health issues 

in living organisms. In this study, Phytoremediation process has been adopted to assess the removal of chromium 

from the synthetic water in the laboratory by water hyacinth. The potential of the plant for the removal was observed 

in the scale of different parameters that is, bioaccumulation kinetics, translocation factor, bio-concentration factor 

and uptake factor, also pH and TDS values are observed. The percentage removal of chromium was initially high 

and steady then in later stage it decreases. The rate of bio-accumulation initially increases linearly then slows down. 

Translocation of heavy metals from root to shoot was high at high concentration. The decrease ofk in graph shows 

that the uptake ability of water hyacinth is decreased. Increase in toxicity in the plant can be observed in log Ct/Co 

graph which may have affected the metabolism of the plant. The mathemetical model shows nearly same result as 

the observed value. By this model the removal can be predicted. This method is eco-friendly and economic which 

can remove sediments, organic and inorganic contaminate. By this technology the water quality can be improved. 

Keywords: Phytoremediation, Bioaccumulation kinetics, Translocation Factor, Bio-concentration Factor. 

1. INTRODUCTION

Now a days, groundwater quality is decreasing day by day due to rapid urbanization and fast industrial 

growth. Heavy metals are present in soil, water and air. These are the indicators of the environmental 

quality and it's very essential. Since the second part of 20
th century, there has been growing concern about 

hazardous effect of heavy metals on humans and aquatic life. use of heavy metals are increasing with 
increase in industrialization ,but in recent years the metals production emissions has been reduced due to 

strict legislation, improved purification technology etc. A significant part of the anthropogenic emissions 

of heavy metals ends up in wastewater. Major industrial sources include elements such as Cd, Pd, Mn, 
Cu, Zn, Cr, Hg, As, Fe and Ni, as well as industrial products that, at the end of their life, are discharged in 

wastes. When the untreated effluent is directly discharge to the environment, it can pollute the water 
bodies. The heavy metal can enter the food chain and cause many serious health issues including cancer, 
nervous system damage, and organ failure and also lead to death. Chromium is a heavy metals found in 
effluents discharged from industries involved in electronics, electroplating, metallurgical, leather tanning 

and wood preservatives. The speciation of chromium in contaminated environments becomes critical for 

understanding its fate and exposure. At pH value less than 6.5 and at high chromium concentration; 
Cr2O72- predominates, whereas CrO42- predominates at pH value greater than 6.5. Strong exposure to 

459

Paper ID - 452 



Cr (VI) may cause epigastria pain, nausea, vomiting, severe diarrhea and cancer in the digestive tract and 
lungs (Sa9mac et al., 2012; Megharaj et al., 2003). Many methods have been documented for removal of 
excessive heavy metals/metalloids from water such as coagulation, ion exchange, precipitation, 
electrolysis, and reverse osmosis (Balasubramanian et al., 2009; Kim et al., 2006; Kumari et al., 2006). 
Most of these methods suffer from some disadvantages because of which it is not very popular (Sharma 
and Sohn, 2009). 

Among these methods, use of aquatic plants to absorb metals from surrounding water is extremely 
efficient. Biosorption has been treated as a potential technology for removal of toxic heavy metals from 
industrial wastewater using microbial biomass (Veglio and Beolchini, 1997). 
A plant-based phytoremediation approach to remove heavy metals uses plant roots to extract, the vascular 
system to transport and the leaves as a sink to concentrate the elements above ground for harvest and 
processing of metals (Natarajan et al., 2008; Gratao et al., 2005; Jadia and Fulekar, 2009). Contaminants 
such as metals, pesticides, solvents, explosives and crude oil and its derivatives, are being removed by 
phytoremediation projects worldwide (Greipsson, 2011). Many plants such as mustard plants, alpine 
pennycress, hemp, and pigweed have proven to be successful at hyperaccumulating contaminants at toxic 
waste sites. Phytoremediation is considered a clean, cost-effective and non-environmentally disruptive 
technology, as opposed to mechanical cleanup methods such as soil excavation or pumping polluted 
groundwater. Over the past two decades, this technology has become increasingly popular and has been 
employed in situ in soil and water, contaminated with lead, uranium, and arsenic. However, one major 
disadvantage of phytoremediation is that, it requires a long-term commitment, as the process depends on 
plant growth, tolerance to toxicity, and bioaccumulation capacity (Salt et al., 1995; Glick, 2004). The bio 
removal process using aquatic plants contains two uptake processes such as (i) Biosorption which is an 
initial fast, reversible, and metal-binding process and (ii) bioaccumulation which is a slow, irreversible, 
and ion-sequestration step. At the end of the 19th century, Thlaspi caerulescens and Viola calaminaria 
were the first plant species documented in the literature to accumulate high levels of metals in leaves. In 
the last decade, extensive research has been conducted to investigate the importance of metal in biology. 
Some macrophytes are found to remove different concentrations of arsenic ions, which make them 
suitable to act as bio-monitors for metals, and have ability to act as biological filters of the aquatic 
environment (Chiu et al., 2005; Fayiga et al., 2005; Huang et al., 2004; Keith et al., 2006; Mishra et al., 

2008). Phytoremediation, the use of plants and their associated microbes, offers an effective, low cost and 
sustainable means to achieve the desired results (Hannink et al., 2001). 

1.1 MATERIALS AND METHODS 

1.1.1 SAMPLES COLLECTION AND PREPARATION FOR TEST 

Plants samples (water hyacinths) were collected from the Mahanadi river near MCL, Burla, Sambalpur, 

India. After collection of the plant they were rinsed with tap water for 3-4 times to remove any epiphytes 

and to clean the debris also rinsed with distilled water for 2-3 times for clean up the dirt. 

A I-week acclimatization period was set to stabilize the plant. The weeds were placed in buckets in 

the tub with tap water without addition of any nutrient media under sunlight for 1 week to let them adapt 

to the new environment, then cut the plants into desire length. After that plants were taken for the 

experiment. 
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1.1.2 EXPERIMENTAL SETUP

The experiments were conducted in a series of plastic container containing 5L of tap water 

respectively of fresh Eichhomia crassipes was cultured in three different buckets respectively for 

7days. In first bucket it was contained with two numbers of plants with 2mg/l chromium 

concentration was provided for the experiment. In second bucket 4 numbers of plants were 

placed with 2mg/l concentration. Similarly the process was continued for 5 mg/1, 10 mg/1, 15 

mg/1, 20 mg/1 with 2 and 4 no. of plants placing in the buckets. The test duration were O(initial 

day), 1, 2, 3, 4, 5, 6, 7 days respectively. The changes in pH, TDS and Cr (VI) concentrations 

were determined in daily basis. After the completion of test duration the BCF calculation was 

done. All the parameters for this study were done such as; BAF, TF and UF are also observed. 

1.1.3 CALCULATION FOR BIOACCUMULATION KINETICS

Bioaccumulation factor was evaluated by measuring the concentration in the water. The observed value 

can be put into the first order kinetic equation to determined the heavy metal kinetics. 

"Co" is the initial heavy metal concentration in the water. "Ct" is the heavy metal concentration in water 

at time "t", and "K" is the first order rate constant and "t" is the time in days. 

Also Bioconcentration factor, Translocation factor and Uptake factor was calculated by comparing the 

observed value. 

2. MATHEMATICAL REPRESENTATION

Let "C "be the concentration in the water. " t " be the time in days from first day to the last day of the 

experiment. 

The rate of change of chromium concentration in water, C with respect to time t from day-I to the day 

of equilibrium when the water hyacinth grasps uptake of pollutant is directly proportional to the 

remaining pollutant C present in the water at that time. 

Where, µ is a constant, Integrating Eq. (1) 

⇒ lnCt = µt + K 

(1) 

(2)
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Where K is the integration constant .putting the initial condition i.e.; t = O; the value of K can be found 

out. Co is the initial concentration where the concentration of pollutant is high in the water. 

lnCo = µO + K 

⇒ K = lnCo 

Putting the value ofK in Eq. (2) 

lnCt = µt + lnCo 

⇒ lnCt - lnCo =

Ct 

⇒ ln- = µt
Co 

⇒Ct = e µt

µt 

2.1 CALCULATION FORµ 

(3) 

(4) 

(5) 

The model shows valid result for t > 0 days. The value ofµ depends on the curve difference with respect 

to time. If the curve increases, the curve µ value will be positive otherwise it will be negative. 

FromEq. (4) 

µt = l ln �:J / t

3. RESULTS AND DISCUSSION

Where, n = number of observation, t > 0 days. 

The water concentration was calculated in everyday basis for 7 days with different doses of chromium 

such as 20mg/l, 15mg/l, 10 mg/1, 5 mg/1, 2 mg/1 for both 2 numbers of plant and 4 numbers of plant 

followed by Colorimetric method. Here only the parameters and graphical representation shown for the 

concentration of 20mg/L 
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TABLE 1   CHROMIUM REMOVAL VALUES FOR 20 mg/l 

EXPOSURE 

DAYS 

%AGE 

REMOVAL 
FOR 2 

PLANTS 

%AGE 

REMOVAL 
FOR 4 

PLANTS 

K VALUE 
FOR 

2PLANTS 

K VALUE 
FOR 4 

PLANTS 

log(Co/Ct) 
FOR 

2PLANTS 

log(Co/Ct) 
FOR 

4PLANTS 

0 0 0 0 0 0 0 

1 6.8 13.15 0.0815 0.141 0.03058 0.06123 

2 15.65 21.75 0.08 0.14165 0.06191 0.111 

3 24.425 30.985 0.071 0.1256 0.10162 0.162 

4 26.25 40.15 0.063 0.116 0.14124 0.22294 

5 33.75 47.15 0.061 0.1148 0.17181 0.27696 

6 37.6 53.4 0.060226 0.1139 0.20482 0.31614 

7 41.5 55.95 0.0601 0.1114 0.21041 0.31091 

Fig. 1   REMOVAL OF CHROMIUM BY WATER HYACINTH 
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Fig. 3 TOXICOKINETIC STUDY OF BIOACCUMULATION OF Cr 

Table 2 is showing the observed values for BCF, TF, and UF values for chromium removal at 20 mg/1, 

15 mg/1, 10 mg/1, and 5mg/l respectively. 

Fig. 2   RATE OF BIOACCUMULATION KINETICS FOR 20 Mg/l 
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Fig. 4 BIOCONCENTRATION FACTOR FOR DIFFERENT DOSES OF CHROMIUM 

TABLE 2   BCF, TF, And UF VALUES AT DIFFERENT CONCENTRATION 

Cr Doses 
BCF FOR 2 
PLANTS 

BCF FOR 4 
PLANTS 

TF FOR 2 
PLANTS 

TF FOR 4 
PLANTS 

UF FOR 
2PLANTS 

UF FOR 
4PLANTS 

2 0.60684 0.8286 0.32394 0.39872 1.03419 1.084 

5 0.64192 0.86838 0.38246 0.42514 1.1018 1.17175 

10 0.76591 1.20556 0.40214 0.4733 1.09856 1.52924 

15 0.93458 1.63241 0.5 0.55556 1.84579 2.12213 

20 1.54054 2.48566 0.70175 0.73846 2.27027 2.63862 
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Fig. 6 UPTAKE FACTOR FOR DIFFERENT DOSES OF CHROMIUM 

In initial stage the percentage removal was high and steady but later on the removal efficiency decreases. 

In the case of Bioaccumulation, it was high at lower concentration (2mg/l) and the rate of 

bioaccumulation increases linearly then slows down. Translocation of chromium from root to shoot was 

high at high concentration. The graph of k shows the uptake ability of the water hyacinth. The growth of 

the water hyacinth was obstructed by the increase in toxicity in the plant. Increase in toxicity can be 

observed by the log Co/Ct graph. 

 Fig. 5   TRANSLOCATION FACTOR FOR DIFFERENT DOSES OF CHROMIUM 
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Fig. 8 REMOVAL EFFICIENCY FOR 4 NO. OF PLANTS 

Fig. 7 and Fig. 8 show the comparison between the observed value and estimated value for both 2 

numbers of plant and 4 numbers of plant. This calculation was done by using the mathematical model. 

Fig. 7   REMOVAL EFFICIENCY FOR 2 NO. OF PLANTS 
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4. CONCLUSION

By the experiment it can be concluded that the water hyacinth plant is efficient in remediation method. 

The experimental results showed that this plant has performed extremely well at lower concentration. By 

the mathematical model it can be concluded that the estimated results was found nearly same as observed 

value. This model can easily help to predict the removal. This strategy is eco-friendly and economically 

sounds for converting polluted sites back into the productive use but it is still in the experimental stage. 

By this method the heavy metals can easily extracted than any other conventional methods. By this 

method the chromium can be removed up to 78%. By this phytoremediation process water quality can be 

improved. 
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Abstract

As per integrated water management plan we believe that an “equitable water future” is one built on efficiency
and conservation. Management of water resources has critical implications in the daily lives of people and above
all in economic development and social well-being. The 2030 agenda for sustainable development emphasizes
water inequity and sustainable management of water and sanitation for all. Creating an equitable water future
means providing all people with access to clean, safe water at an affordable price. The concepts of inequity
depend upon how we define inequity in theory and practice or in what space and dimension we want to achieve
equality. In addition to this, the issues that constitute equity in accessing through freedom and how accesses to
water facilitate the range of capabilities of any society need a critical review at present scenario. Traditionally,
water access is measured by the percentage of the population connected to this service and how much supply is
being provided but that is not enough to characterize the inequalities. In order to go further analysis of this topic,
it is necessary to characterize inequalities that exist in the effective distribution of water among people or
households. This article emphasizes identifying significant indicators by scientific method of measurement
which will helpful to identify the methodology best suited for accessing inequality and that can be further
utilized by the researchers to understand the current scenario of water inequity and also to plan policy
interventions for a better and more equitable future.

Keywords: water inequity, conceptualization, water distribution

1. Introduction

1.1 Water among SDGs

United Nations in its homepage dedicated for sustainable development goals calls all countries for
action to promote prosperity while protecting the planet. Among the seventeen Sustainable
Development Goals (SDG), SDG 6 is to ensure access to clean water and sanitation for all. Signatory
countries including India are committed to achieve set of targets defined by the SDG6 by 2030. While
talking of water inequity in this paper, authors feel it to be sensible to draw the readers to one of the
key phrases laid out below among targets for the SDG 6, ‘Universal and equitable access to safe and
affordable drinking water for all’. It is essential to look at the complex phrase in terms of the
components it carries in order to visualize the target to attain. The word ‘Universal’ indicates the
spread among all of the individuals of the nation. Equitable access requires that all individuals of the
national population can avail almost equal proportion of water. The ‘safe; in the phrase stands for the
required quality, that the drinking water must be able to meet the regulatory standards to be potable.
UN also maintains national reports on these targets through defined indicators. Voluntary data
submission so far has not been promising and as of now 51% of signatory countries have provided
necessary data till 2017. From the data submitted by India on different indicators, we can observe that
proportion of population in urban and rural areas for whom safely managed drinking water is
available are 87% and 79%. On premise availability is 77% and 56% in urban and rural setup.
Considering large population of India, it is thus imperative to think that the Government will initiate
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aggressive action shortly to meet the SDG target by 2030. Mere numeric match of indicator’s desired
score may miss the defined target, since equitable access has many more dimensions, stated by
international organizations and research papers.

1.2 Three pillars of water equity

The US water alliance is an organization with a vision of a sustainable water future for all advances
policies and programs in the water management sector. In a web based report (2020) they define three
pillars of water equity. First pillar is access to safe, clean and affordable drinking water and waste
water services for all communities. Affordability is critical in this pillar, which signifies the economic
criterion attached to the access. The organization stresses that to achieve this collaboration and co-
investment by Government, Private sectors, community based organizations and water providers is
essential. The second pillar according to them is in share of economic, social and environmental
benefits of water systems. Rightly they report the infrastructure is not permanent and during
reinvestment the benefits including employment, business opportunities and educational programs are
expected to be equitably distributed among the community population. The third pillar to have
equitable access necessitates proper planning to incorporate proper degree of climate resilience
depending o vulnerability risk assessment. After going through the report one very important aspect
comes to the front. The equity cannot be achieved when we can ensure on premise availability of
water unless we have proper engineering, economic and environmental strategies to sustain the
infrastructure. Equity achieved today may not remain tomorrow unless the water management bodies
look at these important aspects.

1.3 Objectives and Scope

Incorporation of economic indices and sustainability factor in water management and distribution
demonstrate a very narrow approach of the specified SDG indicator to realize the universal equitable
access. The research question that this paper attempts to answer is – what are the water inequity
measures? The broad question thus framed leads us to define the objectives of present paper as

a. To find out measurable factors to form a definite assessment of water inequity in a holistic
way.

b. To explore mathematical formulations those can offer a measure of water inequity.
c. To investigate the strategies different nations are adopting to confront the challenges arising

of water inequity.

In order to meet the objectives the authors have undertaken an extensive review of literatures.
Considering the authenticity of Scopus database, the authors searched for technical articles with key
word ‘water inequity’. The database initially returned 474 articles, out of which 23 articles were
shortlisted after abstract reading. In this paper we present the compiled information from the extensive
review which target only drinking water.

2. Water Inequity

2.1 A short summary of related literatures

Water inequity and water insecurity have been reasons of several conflicts. A wide volume of research
have been undertaken to indicate the origin of inequity and insecurity. The reasons can be technical as
well as can lie in other spectra too. Just to illustrate, in a series of research to explore factors
contributing to water inequity at Bali, Cole t al (2012, 2015) cite social practices, historical factors
and political factors as significant. Flores et al (2016) in a published paper indicate existence of intra
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community water disparities in water access on the context of human rights. Nahas (2019) among
contemporary researchers show in a research paper that discrimination over water access quantity still
prevails. Since water equity is the goal set, it’s pertinent to identify causes of inequity and target
remedial actions. For the purpose it is essential to conceptualize inequity. Here we present summary
of research papers trying to assess inequity across different measures.

Access to water, forms the most investigated aspect relating to identifying inequity. According to
World Health organization, piped water as opposed to other water sources is thought to be the safest
drinking water source, provided that the pipes are maintained to ensure water quality. In most of
research papers regarding water equity availability of piped water at premises has been taken to be a
bench mark for water access. Rangel Soares et al (2002) examined water inequity in several
dimensions. Those are regularity of water supply, type of water supply, time spent in obtaining water,
type of purifying treatment and per capita expenses. Apart from rural-urban divide to water access
there is another dimension of water inequity, time spent to collect water, which has been reflected in a
research undertaken by Seyoum and Graham (2016). Mason (2015) and Molden (2020) explored
variation in seasonal water security. Water supply may not be available for 24 hour due to limited
water and economic resources. Ilaya-Ayza et al (2017) bring out intermittency and supply time to be
criteria for water inequity. Ramirez and Stafford (2013) pointed at another stem of water inequity that
is ‘at what time’ water is available. In a research they investigated water availability at meal time
which is an intricate and important aspect when water equity becomes a goal.

Bain et al (2014) reported a rapid increase from 62% to 81% by 2011 in two decades, in use of
improved sources. However the authors present their concern over safety and quality of the water
available for rural consumption. They reported evidence from systematic review that water available
in rural locations is more likely to contain detectable fecal indicator bacteria. They are vocal about
proncounced disparities in access to drinking water comparing rural and urban localities. Molden et al
(2020) bring out the water inequity and water insecurity prevalent at Kathmandu analyzing various
sources of water for use.
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Figure 1- Sources of water

Inequity can also be seen with width of access. Way back, Shah (1989) expressed concern over
ground water exploitation. Some are resourceful to use groundwater and piped water simultaneously.
In a research paper, Nayak (2009) examined use/ extraction/ depletion of groundwater and presented
inequity in accessibility of groundwater. Srinivasan and Kulkarni (2014) undertook a research at rural
setup of Kukdi and urban setup of Chennai wherein they revealed increasing diversity due to gaps in
planning, design and policy. Institutional arrangements to manage demand and control ground water
exploitation are not same throughout. The inequity in these arrangements has been viewed by Poonia
and Punia (2019) as cause as well as indicator of water inequity.
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Inequalities in Regulation enforcement have been considered by Konisky (2009). Institutional
structures for delivery and governance of water services have been studied by Lele et al (2018).

Water Tarriffs are unequal. Low tariffs, stemming from water policies, themselves are components of
inequity and Robinson (2002) showed them to be causal factors of further widening of inequity.
Balazas et al (2014) developed a framework for drinking water disparities. The framework traces a
composite burden comprising exposure and coping costs. Many water systems and households face
the burden. Causes of the inequality have been traced to decisions made at different levels which
constrain the physical as well as financial resources. Besides, regulatory failures , lack of community
resources and political disenfranchisement contribute to the environmental enjustice in context of
drinking water. Not only pricing, even the inequities in cost recovery policies as demonstrated by
Smith and Hanson (2003) can be considered as an impeding factor to water access.

Water access is significantly influenced by physical infrastructure to protect, treat and transport water.
Stevenson (2019) argued in a technical article water access claim to be secondary to claim of
infrastructure use. When infrastructure change provisions come up, opportunities to renegotiate access
to water also come up. Disparities in urban area have been shown to be a well directed consequence of
piping design by Tiwale and Zwarteveen (2018). In the reported study of piping network at Malawi
urban locations, it was observed that direction, dimension and last mile connectivity in the piping
network have been designed in favour of already benefitted group. In a subsequent article Tiwale
(2019) further explains how network design, operating procedures and regulations are aligned to
differentiate water supply provisions at Malawi. Owing to various reasons water supply at sources get
affected. Chandapillai et al (2012) conducted an outflow analysis to determine a simulated supply at
consumers from each node to notice inequity. They demonstrated using genetic algorithm that water
distribution network can be redesigned considering equity in addition to prevailing logics of cost
minimization and head requirement. Functional status of infrastructure (Moglia, 2012)

Access to water can be affected by presence of barriers. A study conducted by White et al (2016)
explores WASH priorities of disabled people where participants have been observed to have reported
about 50 barriers in context of access to water, sanitation, hygiene and attitude. The barriers were
reported have varied intensity with variation in nativity, gender, education and wealth of the
participants.

Phansalkar (2007) represents water for livelihood in also significant and must not be ignored while
deciding water policy. Not only access, according to Gimelli (2018) ability to benefit from water
services forms the goal and for equity the ability must be equitable.

2.2 Spectra of Water Equity/Inequity
From the study of reports and literatures we do not get a definitive and inclusive statement for Water
Equity. Investigators worldwide have explored the issue from different dimensions. Each of the
dimensions has its significance, since variations to these leads to create imbalance in water equity.
Figure 2 compiles these dimensions in form of a template for Spectra of Water Inequity. These
dimensions have been grouped under five major categorical terms Adequacy, Access, Reliability,
Quality and Resource Required. Under each term three sub-terms have been compiled. Inequality in
any sub-term component can offer an index of water inequity. Since there are fifteen identified terms,
one may generate fifteen inequity-indices while investigating water equity in a region. From our study
it appears there is no single index for water equity assessment. It seems highly tempting considering
these individual indices and coining an empirical function for water equity assessment.
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Adequacy Quantity of water available per capita per day

Adequacy across whole day

Adequacy across seasons

Access Source of water

Distance and time to avail water

Presence of barriers

Reliability Quality of service provided

Performance of controlling and enforcement agency

Insecurity arising of weather or other reasons

Quality Quality of water available

Protection arrangement for stored water

Filtration requirement and facilities

Resources required Expenses to avail /cost of water

Energy spent to store and filter

Infrastructure / storage / tank

Figure 2: Spectra of Water Inequity

3. Techniques of assessing Water Inequity

Development of Strategies and Policy Analysis Division of UN has published one issue (2015),
wherein it enlists several indices that can be used to measure income inequality. Use of these
measures has been undertaken by researchers working with water inequity. According to the
referred issue these measures
are function that ascribes value
to specific income distributions.
This aspect commands that a
well balanced inequality
analysis should look at several
of these measures. In this
section we present brief
overview of these measures.

Figure 3- A typical Lorenz curve
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3.1 Lorentz curve and Gini’s coefficient
Lorenz curve represents variation of cumulative percentage of a parameter, whose inequity is required
to be studied, with respect to cumulative percentage of population. In a sample Lorenz curve
demonstrated in Figure 1, the black colored straight line represents the equality line and the brown
colored curve represents the Lorenz curve. Gini’s coefficient is the ratio of area enclosed between the
equality line and Lorenz curve to total area under equality line. Magnitude of Gini’s coefficient varies
between 0 to 1. The coefficient is zero for total equality and 1 for total inequality. In a sample Lorenz
curve demonstrated in Figure 1, the black colored straight line represents the equality line and the
brown colored curve represents the Lorenz curve.

3.2 Hoover Index
Hoover index (also known as the Robin Hood index, Schutz index or Pietra ratio) It shows the
proportion of all income which would have to be redistributed to achieve a state of perfect equality. In
other words, the value of the index approximates the share of total income that has to be transferred
from households above the mean to those below the mean to achieve equality in the distribution of
incomes. Higher values indicate more inequality and that more redistribution is needed to achieve
income equality. It can be graphically represented as the maximum vertical distance between the
Lorenz curve and the 45-degree line that represents perfect equality of incomes.

3.3 Atkinson Index
The choice of Atkinson inequality measure is dependent on three factors like (i)simplicity of
computation (ii)sensitivity to the inequality in the lower end (iii)subgroup consistency.Subgroup
consistency means that if inequality declines in one subgroup and remain unchanged in other groups
then the overall inequality declines. Gini’s coefficient has not taken this into consideration.This is the
most popular welfare-based measure of inequality.It shows the percentage of total income that a given
society would have to forego in order to have more equal shares of income between its citizens.An
important feature of the Atkinson index is that it can be decomposed into within and between-group
inequality.This indicates that a higher value gives social willingness by individuals to accept smaller
incomes in exchange for a more equal distribution. Moreover, unlike other indices, it can provide
welfare implications of alternative policies and allows the researcher to include some descriptive
content to the analysis(Bellù, 2006).

3.4 Decile dispersion ratio (or inter-decile ratio)
This is defined as the ratio of the average income of the richest x per cent of the population to the
average income of the poorest x per cent. It also expresses the income (or income share) of the rich as
a multiple of that of the poor. Common decile ratios include: D9/D1: ratio of the income of the 10 per
cent richest to that of the 10 per cent poorest; D9/D5: ratio of the income of the 10 per cent richest to
the income of those at the median of the earnings distribution; D5/ D1: ratio of the income of those at
the median of the earnings distribution to the 10 per cent poorest. The Palma ratio and the 20/20 ratio
are coming under decile dispersion ratios.
In Palma ratio the ratio of national income shares of the top 10 per cent of households to the bottom
40 per cent. It is based on economist José Gabriel Palma’s empirical observation that difference in
the income distribution of different countries (or over time) is largely the result of changes in the
‘tails’ of the distribution (the poorest and the richest) as there tends to be relative stability in the share
of income that goes to the ‘middle’ (Cobham, 2015).20/20 ratio It compares the ratio of the average
income of the richest 20 per cent of the population to the average income of the poorest 20 per cent of
the population. Used by the United Nations Development Programme Human Development Report
(called “income quintile ratio”).
3.5 Decile dispersion ratio (or inter-decile ratio)
The Theil index, is a special case of the family of inequality measures called the Generalized Entropy
Measures Henri Theil (1924–2000). As a whole the Theil index is a measure of overall inequality. In
addition, it lends itself to additive decomposability, a property that is extremely useful for
simultaneously examining three aspects of inequality in a society. It is divided into mutually
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exclusive and completely exhaustive social groups (e.g., based on gender, caste, race, religion, and so
forth). Economists have used the decomposed version of the Theil index effectively to identify and
highlight important sources of inequality in a given population. (e.g., Mookherjee and Shorrocks 1982;
Conceição and Galbraith 2000).

3.6 Generalized Entropy Index
General entropy index value vary between zero (perfect equality) and infinity (or one, if normalized).
A key feature of these measures is that they are fully decomposable, i.e. inequality may be broken
down by population groups or income sources or using other dimensions, which can prove useful to
policy makers.

where N is the number of cases (e.g., households or families), yi is the income for case i and α is a
parameter which regulates the weight given to distances between incomes at different parts of the
income distribution. For large α the index is especially sensitive to the existence of large incomes,
whereas for small α the index is especially sensitive to the existence of small incomes.
It is more sensitive to changes that affect the upper tail . The most common values for α are 0, 1, and
2. When α=0, the index is called “Theil’s L” or the “mean log deviation” measure. When α=1, the
index is called “Theil’s T” index or, more commonly, “Theil index”. When α=2, the index is called
“coefficient of variation” (Bellù, 2006).

4. Strategies to confront Water Inequity

Water management agencies aim at providing technological and managerial solutions to attain water
equity. The technical solutions are assessed based on engineering feasibility and decisions that
primarily distinguish the confrontation strategies.

4.1 Economic criteria

A cost benefit approach is usually undertaken to assess economic feasibility of available options to
manage water supply and distribution. Water Equity is one of organizations, functioning since last
twenty five years, which claims to be first asset management institution which focuses on solving
global water crisis. Their work culture revolves around effective investment planning. Their
investment is in financial institutions and enterprise, who fulfill criteria by demonstrating their past
achievements and capability to scale and a deep reach into low income communities. The investment
decision also depends om strong financial records of the willing agencies. The Water Equity
organization spreads its assets over multiple geographies spanning different business models and
market segments. Apart from financial performance during ongoing projects, the organization
displays rigor in measuring impact targets through established metrics and on field survey among the
beneficiaries. Investment planning is based on cost benefit analysis of employing a system towards
enabling water access of quantity and quality suggested by water rights. Basically these offer equity
based on how much water is essential for a typical households in disregard of their specific needs.

4.2 Capability Approach

In a paper Lacey (2008) suggests capability approach as an improved approach compared to the
economic based models engaged in offering equal quantity of drinking water to the households. The
paper’s title was aptly mentioned ‘Utilizing Diversity to achieve Water Equity’. While advocating the
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capability approach, the author suggests including social, political and institutional arrangements
beside economic ones in order to have a sustainable water management framework. Through
examples, the author points out those socio-political processes contribute significantly to water
scarcity and inequity. Thus citizen participation in water related decisions must be encouraged. The
capability approach further is distinct from economic model based approach where the goal is set
based on presumption that individuals have different and specific needs according to circumstances
and stages in life. This approach spreads beyond conventional approaches targeting issues of quantity,
quality, reulation of supply and source proximity. According to the capability approach broader values
associated with freedom of choice, making decisions, autonomy, culture identity must be taken into
consideration while deciding on amount of water to be made available to the households.

4.3 Integral approach

World Health organization published ‘A guide to Equitable Water Safety Planning’ (2019) with an
objective of ensuring equitable distribution of clean drinking water, Accroding to the guide
formulation of water safety plan must pass through five stages so that equity can be integrated in the
system design, operation and sustenance. These steps include Preparation, System assessment,
monitoring, management & communication and feedback & improvement. During the first two stages
the guide advises to engage community in decision making regarding improvement plans and
associated risk management.

5. Conclusion

We observe a wide gap between target and indicator scores with reference to the SDG 6. In most
cases the data on indicators is incomplete. In case we may achieve the indicators in numeric score the
sustainability in the goal is going to be a distant dream unless we have clarity in conceptualization of
the water inequity and linked cause. Our attempts to conceptualize water equity offer us a refined
definition including five dimensions. The objective of water management setups may be reframed to
provide equitable access to adequate water of appropriate quality in a reliable way at equitable
resource expense from users. The objective can be met to a fair degree provided we target the
component contributing to the inequity. While selecting a strategy to mitigate the challenge besides
evaluating from economy, ecology and engineering we must take the stakeholders’ opinion in the
decision making process.
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Abstract 

An understanding of the spatial and temporal distribution, changing patterns of rainfall is a basic and important 

requirement for the planning and management of water resources under the changing climate. The present paper 

intends to evaluate and understand the trends of rainfall in the parts of Gujarat State lying in the western part of 

India. Rainfall series of eleven districts for the period 1901- 2002 has been used to detect and quantify the trends 

by using parametric and non-parametric statistical techniques. For detection and quantification of trends in 

rainfall, Parametric (Regression analysis) and Non-parametric (Mann-Kendall and Sen’s Slope) statistical tools 

have been employed on seasonal and annual basis. The trend significance was tested at 95% confidence level. The 

results indicate that rainfall at annual scale indicates a decreasing trend at majority of the stations whereas Amreli 

(0.352 mm/yr), Bhavnagar (0.205 mm/yr) and Kachchh (0.122 mm/yr) districts indicated increasing non-

significant trends at 95% of confidence level. During the monsoon season, all the stations except Amreli and 

Bhavnagar indicated decreasing trend in the rainfall. Winter rainfall indicated decreasing non-significant trends 

at all the stations. 

Keywords: Climate change, Trends of rainfall, Sen’s estimator, Mann Kendall test, Regression Analysis 

1. Introduction

The increased concentrations of greenhouse gases in atmosphere has attributed to global warming and 

further to climate change (IPCC, 2007). Analysis and detection of historical changes in these rainfall 

and temperature is of utmost importance for systematic study towards climate change for sustainable 

development of an agrarian country for food production and fresh water availability in a region. Climate 

change is referred to as large variations in climate averages which exist for decades or even longer 

periods. Although climate change occurred on a global scale, its impacts often vary from region to 

region (Trajkovic and Kolakovic, 2009). Therefore, the analysis of changes in meteorological variables 

represents an important task in climate change detection. Recent studies concluded that there is no clear 

trend of increase or decrease in monsoon rainfall and average annual rainfall at the all-India scale 

(Thapliyal and Kulshrestha, 1991). However, some other studies identified significant changes in 

rainfall trend and distribution (Kumar et al. 2010; Dash et al., 2009; Patra et al., 2012). A  study for a 

peninsular basin indicated decreasing trend during annual, pre-monsoon, south-west monsoon & winter 

rainfall whereas increasing trend during North-East monsoon (Shahana et al. 2020). It is observed that 

rainfall trend analysis on a monthly scale indicates that most of the agro-climatic zones have significant 

decreasing trends for the period from December to April in the mid-Mahanadi river basin of eastern 

India (Singh G. et al. 2019). The study showed thait the overall annual and seasonal trend of rainfall 

was increasing in the sub-divisions of Western India, while the decreasing trend was found in Eastern 

and North India (Bushra Praveen et al. 2020). A long term rainfall analysis over India (Dash et al., 

2009) concluded a decreasing and increasing trend in rainfall during the monsoon season and pre and 

post-monsoon seasons, respectively. In general, understanding how the changes of rainfall trends, such 

as those found in recent years have been of interest to researchers in atmospheric science and hydrology 
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(Onyutha & Willems, 2017). 

The present study aims to quantify spatio-temporal variation and trend in rainfall for different districts 

of Gujarat, India by using statistical approach which would provide a knowledge base for better 

management of water resources in the study area. 

2. Study Area

Gujarat is a state on the western coast of India with a coastline of 1,600 km, most of which lies 

on the Kathiawar peninsula. The climate of Gujarat involves diverse conditions. The plains 

of Gujarat are very hot and dry in summer and cold and dry in winter. Summer is milder in the hilly 

regions and the coast. The average daytime temperature during winter is around 29 °C and in nights is 

around 12 °C with cent percent sunny days and clear nights.  

Figure 1: Location map of study area 

During summers, the daytime temperature is around 49 °C and at night not lowers than 30 °C. 

The monsoon season lasts from July to September. Most of Gujarat receives very low rainfall. 

Southern Gujarat and the hilly regions receive heavy rainfall during the monsoons with 

high humidity which makes the air feel hotter. The temperature decreased when the monsoon season 

starts (around mid-June). The day temperatures are lowered to around 35 °C but humidity is very high 

and nights are around 27 °C. Most of the rainfall occurs in this season, and the rain can cause severe 

floods. The sun is often occluded during the monsoon season. Though mostly dry, it is deserted in the 

north-west, and wet in the southern districts due to a heavy monsoon season. 
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3. Materials & Methods

3.1 Data Used 

The daily data of rainfall (IMD) of different districts of Gujarat has been used for trend analysis 

of rainfall for the period of 1901 to 2002 (102 years). The rainfall data has been downloaded from India 

water portal and further processed and used for analysis. For assessment of trends in rainfall at annual 

and seasonal scale, the year has been divided into four seasons namely winter (December to February), 

pre-monsoon (March to May), south-west monsoon (June to September) and north-east monsoon 

(October to November) for each station respectively.  

3.2 Trend Analysis 

Rainfall and temperature have maximum influence on the water resources. Trend analysis has 

been used to detect trends in the time series of rainfall. Statistical significance of trend has been determined 

using a non-parametric method known as Mann-Kendall (MK) Test (Mann, 1945; Kendall, 1975). Sen’s 

slope estimator (Sen, 1968) has been used to determine the magnitude of trend. A number of studies have 

been attempted using both methods to investigate the trend of climatic variables at Country scale (Kumar 

et al., 2010; Jain and Kumar, 2012) and regional scale (Chakraborty et al., 2013; Patra et al., 2012, 

Thakural L N et al, 2018a). 

The present study analyzes the trends of rainfall series of each individual station using simple 

regression (parametric), Mann-Kendall test and Sens’s estimator of slope (non-parametric).  

3.2.1 Determination of Anomalies 

For better understanding of the observed trends, first of all seasonal and annual anomalies of rainfall 

for each station were computed with reference to the mean of the respective variable for the available 

records. Further, these anomalies were plotted against time and the trend was examined by fitting the 

linear regression line. The linear trend value represented by the slope of the simple least square 

regression provided the rate of rise or fall in the variable 

3.2.2 Regression model 

One of the most useful parametric models to detect the trend is the “Simple Linear Regression” model. 

The method of linear regression requires the assumptions of normality of residuals, constant variance, 

and true linearity of relationship (Helsel and Hirsch 1992). The model for Y (e.g. precipitation) can be 

described by an equation of the form: 

Y =at + b (1) 

Where, 

t = time (year) 

a = slope coefficient; and 

b = least-squares estimate of the intercept 

The slope coefficient indicates the annual average rate of change in the hydrologic characteristic. If the 

slope is significantly different from zero, statistically, it is reasonable to interpret that there is a real 

change occurring over time. The sign of the slope defines the direction of the trend of the variable: 

increasing if the sign is positive, and decreasing if the sign is negative.  

3.2.3 Magnitude of trend 
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The magnitude of trend in a time series was determined using a non-parametric method known as Sen’s 

estimator (Sen 1968). This method assumes a linear trend in the time series and has been widely used 

for determining the magnitude of trend in hydro-meteorological time series (Lettenmaieret al. 1994; 

Yue & Hashino 2003; Partal & Kahya 2006). In this method, the slopes (Ti) of all data pairs are first 

calculated by 

kj

xx
T

kj

i





for i = 1,2,…,N          (2) 

where xjand xk are data values at time j and k (j >k) respectively. The median of these N values of Ti is 

Sen’s estimator of slope which is calculated as 
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A positive value of β indicates an upwards (increasing) trend and a negative value indicates a 

downwards (decreasing) trend in the time series.  

3.2.4 Significance of trend 

To ascertain the presence of a statistically significant trend in hydrologic climatic variables such as 

temperature, precipitation and streamflow with reference to climate change, the non-parametric Mann–

Kendall (MK) test has been employed by a number of researchers (Yu et al. 1993; Douglas et al. 2000; 

Burn et al. 2004; Singh et al. 2008a, b). The MK method searches for a trend in a time series without 

specifying whether the trend is linear or non-linear. The MK test was also applied in the present study. 

The MK test checks the null hypothesis of no trend versus the alternative hypothesis of the existence of 

an increasing or decreasing trend. The statistic S is defined as (Salas 1993): 
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where N is the number of data points. Assuming (xj– xi) = θ, the value of sgn(θ) is computed as follows: 
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This statistic represents the number of positive differences minus the number of negative differences 

for all the differences considered. For large samples (N> 10), the test is conducted using a normal 

distribution (Helsel& Hirsch 1992) with the mean and the variance as follows: 

E[S] = 0 (5) 
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where n is the number of tied (zero difference between compared values) groups and tkis the number of 

data points in the kth tied group. The standard normal deviate (Z-statistics) is then computed as (Hirsch 
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et al. 1993): 
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If the computed value of │Z│> zα/2, the null hypothesis H0 is rejected at the α level of significance in a 

two-sided test. In this analysis, the null hypothesis was tested at 95% confidence level. 

4. Results and Discussion

Rainfall data for the period of 1901 to 2002 (102 years) for the 11 stations of Gujarat state located in 

Northern India has been utilized for the detection and quantification of trends. Preliminary data analysis 

has been carried out to compute the statistical characteristics of the rainfall like mean, standard 

deviation, skewness, kurtosis and coefficient of variation to investigate spatial variability along with 

the distribution of rainfall in the study area ( Table 1 and Table 2). The mean annual rainfall varies from 

341.23 mm at Kachchh to 1025.82 mm at Bharuch (for the period 1901-2002). The coefficient of 

variation (CV) of the annual rainfall varies from 3.15 at Bharuch to 5.47 at Kachchh. It is evident from 

the Table 2 that all the station receives maximum rainfall during the monsoon season and least rainfall 

is received during the winter season. The contribution of  monsoon rainfall varies from 92.9% 

(Kachchh) to 95.5% (Dohad) while contribution of 0.72 % (Vadodara) to 1.67 % (Gandhinagar) rainfall 

in pre-monsoon. 

Table-1: General characteristics of  rainfall in Gujarat (1901-2002) 

Rainfall (Annual) 

Station 
SD Skewness Kurtosis Max Year Min Year 

Ahmedabad 24.75 0.06 -0.32 1959 1987 

Amreli 25.99 0.41 -0.4 1983 1918 

Anand 26.47 0.05 -0.4 1994 1918 

Banaskantha 23.02 0.4 -0.46 1917 1974 

Bharuch 32.35 0.03 -0.51 1959 1918 

Bhavnagar 29.15 0.2 -0.38 1959 1918 

Dohad 31.17 0.26 -0.3 1944 1911 

Gandhinagar 26.28 0.14 -0.57 1959 1911 

Kachchh 18.66 0.38 -0.17 1959 1987 

Kheda 27.66 0.01 -0.74 1959 1918 

191819590.47-0.0531.5Vadodara
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Table-2: Distribution of rainfall at different stations in Gujarat (1901-2002) 

Station Annual Pre monsoon Monsoon Post monsoon Winter 

Mean CV Mean % of 

Annual 

Mean % of 

Annual 

Mean % of 

Annual 

Mean % of 

Annual 

Ahmedabad 600.7 4.12 8.003 1.33 563.9 93.88 26.20 4.36 2.576 0.43 

Amreli 662.20 3.92 8.27 1.25 620.3 93.68 29.80 4.50 3.76 0.57 

Anand 687.09 3.85 7.00 1.02 647.8 94.29 27.42 3.99 4.78 0.70 

Banaskantha 519.70 4.43 8.61 1.66 492.9 94.86 13.89 2.67 4.13 0.80 

Bharuch 1025.82 3.15 7.70 0.75 975.3 95.08 40.24 3.92 2.51 0.24 

Bhavnagar 833.29 3.50 8.22 0.99 786.5 94.38 34.65 4.16 17.73 0.46 

Dohad 952.71 3.27 9.12 0.96 909.8

7 

95.50 29.74 3.12 3.98 0.42 

Gandhinagar 677.06 3.88 11.31 1.67 641.1

8 

94.70 20.24 2.99 4.30 0.63 

Kachchh 341.23 5.47 4.40 1.29 317.0 92.90 15.94 4.67 3.88 1.14 

Kheda 750.29 3.69 8.04 1.07 716.7

3 

95.53 20.83 2.78 4.67 0.62 

Vadodara 972.71 3.24 7.02 0.72 926.8

2 

95.28 35.13 3.61 3.73 0.38 

Further, parametric trend was examined by fitting the linear regression line and rainfall anomalies for 

the 11 meteorological stations has been determined and their trends at annual scale are shown in figure 

2. 
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Figure 2: Graphical representation of annual rainfall trends for Gujarat state 
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 Non- parametric statistical methods, Sen’s estimator of slope (SE) and Mann–Kendall (MK) test have 

been used for estimating the magnitude and testing the statistical significance of trend respectively. The 

significance of trend is seen at the confidence interval of 95%. Before applying the non-parametric test, 

data series was tested for presence of any auto-correlation. The outcomes of the analysis are shown in 

the form of Table 3. 

Table 3: Sen estimator of slope (mm/year) for seasonal and annual rainfall. 

Station 

Pre-monsoon

(Mar-May) 

Monsoon  

(June-Sept) 

Post-monsoon   

(Oct-Nov) 

Winter      

(Dec-Feb) 
Annual 

Z 

statistics 

Sen 

Slope 

Z           

statistics 

Sen 

Slope 

Z           

statistics 

Sen 

Slope 

Z              

statistics 

Sen 

Slope 

Z              

statistics 

Sen 

Slope 

Ahmedabad -1.02 -0.012 -0.5 -0.313 1.47 0.035 -1.69 -0.008 -0.27 -0.163

Amreli -0.73 -0.004 0.35 0.288 1.46 0.037 -3.13 -0.009 0.36 0.352 

Anand 0.38 0.002 -0.68 -0.566 1.62 0.046 -2.23 -0.017 -0.44 -0.358

Banas Kantha -0.44 -0.345 -0.73 -0.53 2 0.019 -0.77 -0.004 -0.24 -0.206

Bharuch 1.61 0.011 -0.38 -0.354 1.48 0.074 -0.34 -0.005 -0.15 -0.142

Bhavnagar -1.21 -0.015 0.1 0.104 1.48 0.07 -0.66 -0.007 0.23 0.205 

Dohad -0.31 -0.006 -0.75 -0.751 1.11 0.035 -1.46 -0.01 -0.76 -0.766

Gandhinagar -0.38 0 -0.17 -0.159 1.77 0.021 -1.38 -0.007 -0.02 -0.012

Kachchh 0.24 0.001 -0.18 -0.08 1.45 0.032 -1.09 -0.009 0.21 0.122 

Kheda -0.42 -0.001 -0.87 -0.638 1.53 0.033 -2.26 -0.022 -0.79 -0.645

Vadodara 1.25 0.011 -0.78 -0.698 1.63 0.079 -1.85 -0.014 -0.67 -0.607

*Bold indicates statistical significance at 95% confidence level as per with Mann–Kendall test

(+ for increasing and − for decreasing)

4.1 At Annual Scale 

From Table 3 it is revealed that at annual scale there is a decreasing trend at majority of the stations 

whereas stations Amreli (0.352 mm/yr), Bhavnagar (0.205 mm/yr) and Kachchh (0.122 mm/yr) 

indicated increasing non-significant trends at 95% of confidence level. Among all the 11 stations, 

Amreli shows the maximum (0.352 mm/yr) rate of rising trend while Dohad (0.76 mm/yr) shows the 

maximum rate of falling trend in the rainfall during these 102 years. 

4.2 At seasonal scale 

From Table 3, during Pre-monsoon season non-significant increasing trend were seen at Anand, 

Bharuch Kachchh and Vadodara whereas decreasing trend were seen at remaining stations. In the 

monsoon season, all the stations show decreasing non-significant trend in rainfall except Amreli and 

Bhavnagar. It is clear from the table 3 that all the 11 stations show increasing (non-significant) trend in 

rainfall during the post monsoon season. However, during the winter season all of the stations show a 

decreasing trend in rainfall during these 102 years. Moreover, rainfall at Amreli (-0.009 mm/yr), Anand 

(-0.017 mm/yr) and Kheda (-0.022 mm/yr) are found to be significant at 95% confidence interval. Also, 

Amreli ( 0.288 mm/yr) and Dohad (0.751 mm/yr)  stations show maximum rate of rising and falling 

trend in the rainfall over this period of time. 
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5. Conclusion

The present study analyzed long term (102 years) rainfall data for a period of 1901 to 2002 of 11 districts 

of Gujarat state falling in the western part of India.  Statistical analysis techniques, Parametric 

(Regression analysis) and Non-parametric (Mann-Kendall and Sen’s Slope) employed to detect and 

quantify the rainfall of 11 districts revealed that there is an increasing non-significant trend in the 

rainfall during the monsoon season whereas the post monsoon season clearly indicates decreasing non-

significant trend. Moreover, rainfall at Amreli, Anand and Kheda is found to be significantly decreasing 

during winter season. The maximum rate of increasing and decreasing trends in rainfall are observed at 

Amreli and Dohad stations respectively, both at annual and seasonal scale.   

More such statistical analysis is required to examine the trend in other climatological variables to 

understand the behavior of changing climate and its future impacts on the water resources which will 

be more helpful for optimal planning and management of water resources to minimize scarcity and 

stress in a region. 
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Abstract 

Deepor Beel is a prominent and popular wetland located in the city of Guwahati in the state of Assam. The present 

study was carried out to analyze the water quality parameters of the beel and to check how these parameters were 

affected due to dumping of waste on and near the wetland area. A total of twelve parameters viz. Water 

temperature, Colour, Odour, Dissolved Oxygen, Biological Oxygen Demand, Total Alkalinity, pH, Turbidity, 

Total Hardness, Chloride, Iron, Nitrate were tested during the period from August 2019 to June 2020 at six 

locations around the beel. Standard methods were followed for the collection, sampling and analysis of the water 

quality parameters. The data obtained from the laboratory test were statistically analyzed using SPSS (ver. 22) 

software. The results indicated certain parameters are higher than standard permissible limits with extreme values 

of the results been obtained at the dumping location at Boragaon. The water near the dumping site is acidic (pH= 

5.92), with high iron concentrations (3.68 mg/l), increasing hardness and turbidity as well as lower D.O level 

(3.67 mg/l). The Anova analysis indicated that there was significant difference in certain water variables such as 

alkalinity, iron, total hardness, nitrate, chloride, D.O, B.O.D (basically temporal variation) as F-ratio >>1 and p-

value << 0.05. Moreover, the correlation matrix upholds a distinct correlation among various parameters with 

both positive and negative indications. Hence the present study showed that water quality is deteriorating gradually 

at various locations of the beel. 

Keywords: Wetland, Deepor Beel, Water quality parameters, Dumping site, Anova. 

1. Introduction

The productivity of freshwater community is determined and regulated by the dynamics of its 

physicochemical parameters along with its biotic environment (Wetzel, 1983). Wetlands are among the 

world’s most productive environments. Wetlands are the areas where water is the primary factor 

controlling the environment and the health of the associated plant and animal life (Ramesh et al. 2007). 

Point sources, such as municipal industrial sites, and non-point sources, such as agricultural lands and 

urban runoff, add materials to ground water and surface water that upset the balance of wetland water 

chemistry and the biogeochemical cycling of materials in wetland ecosystems (Mitsch and Gosselink 

1993). Monitoring the quality of various water parameters from time to time and maintaining 

physicochemical quality of water within acceptable levels helps in conserving the aquatic ecosystem 

(Garg et al. 2010). Various studies have been carried out to investigate the quality of water in various 

wetlands located at different places in India (Ansari 2017; Islam et al. 2014; Pagriya 2012).  

Deepor Beel is a permanent fresh water lake and the only Ramsar site in Assam is a cradle of biological 

diversity. But with increasing human interference; dumping of waste (industrial, municipal, household 

etc.) reducing he wetland area through constructional activities, fishing, killing of migratory birds, and 

several other ways of contamination has degraded of water quality of the Deepor Beel (Bhattacharyya 

and Kapil 2010). The present study investigates about the effects on the physicochemical parameters of 

the Deepor Beel at various locations around the beel due to dumping of municipal waste at Boragaon 

dumping zone which is located on the border of the beel. 

2. The study area

Deepor Beel is a permanent fresh water lake and one of the largest Beel in the Brahmaputra valley. The 

beel is located between latitude: 26° 05¹ 26°11¹ N and longitude: 91°35¹ - 91°43¹ E, about 
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10 km south-west of Guwahati city, in Kamrup district of Assam, India and it covers an area of 

40.14 sq.km. The northern-eastern side of the beel is thickly populated and is encircled by various 

government institutions like Gauhati University, Assam Engineering College, Assam 

Ayurvedic College, and Forest School. The national highway 37 (NH -37) is located in the 

northern and north-western side of the Beel and touches its periphery at different places 

like Dharapur, Azara etc. It is bounded by the PWD road, northern fringe of the Rani and 

Garbhanga Reserve Forests on the south. The Deepor Beel and its fringe areas are made up of recent 

alluvium consisting of clay, silt, sand and pebbles whereas the hills in the north and south side of the 

Beel’s are of Archaean age (envfor.nic.in/divisions/csurv/WetlandInventory.pdf). Deepor beel has a 

meso-thermal climate, characterized by high humidity and moderate temperature (Singh and Dutta 

1960). The temperature ranges between 10.6°C to 30°C. The annual average precipitation is 3000 to 

4000 mm. Basistha and Kalmani rivers and monsoon run off are the major sources of water 

for the wetland. In the rainy season the depth of the Beel increases up to four meter while 

in the dry season the depth drops to one meter.  Khonajan channel drains the beel into the 

Brahmaputra river, 5 km to the north. Deepor beel is one of the richest biodiversity areas within the 

wetland ecosystem of Assam. the presence of hilly terrain and natural forest adjoining the beel area 

support large numbers of endangered and threatened vertebrate species. Some of the globally threatened 

species of birds like spot-billed pelican, lesser adjutant stork, Baer’s pochard, Pallas' sea eagle, greater 

adjutant stork. Among the large number of migratory water fowl, the Siberian crane regularly migrates 

to this habitat during its annual journey.  The Northeast Frontier Railway (NFR) constructed a railroad 

along the southern boundary of the Deepor Beel in 2001 which has affected the entire ecosystem. Due 

to the construction of the rail-line, there has been blockage in water flow system. Another notable cause 

for the wide spread deterioration of the quality of water of Deepor Beel is the Guwahati Municipality 

dump yard (24 Ha) located in Boragaon, which lies in the eastern corner of Deepor Beel. The dump 

yard becomes functional in 2005, three years after Deepor Beel’s status as Ramsar Site. The detailed 

geographic map of the Deepor Beel is presented through Figure 1, Figure 2 and Figure 3. 

Figure 1 Map of Assam showing Kamrup district (source: www.veethi.com) 

Figure 2 Kamrup district map showing Deepor beel location(source: ISRO, wetland map)  
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Figure 3 Outline of the Deepor Beel with location of sampling sites. 

3. Materials and methods

3.1 Sampling stations 

With increasing growth in population, there will be more waste generated in the city of Guwahati and 

most of the waste being collected by Municipal Board will be dumped into the vicinity of Deepor beel. 

This has already resulted in deterioration of the water quality standards as well the sediment quality of 

the wetland. So, a study has been carried out selecting 6 areas around the beel, and observed the effect 

of the dumping grounds on the water parameters. The sites for sample testing have been selected based 

on garbage dumping, the industrial effluents deposition, agricultural field’s wash off, etc. The 

geographic location of all the sites around the beel area is presented in Table 1. 

Table 1 Geographical description and G.P.S. location of study sites 

Site No. Latitude     Longitude Sampling areas 

1 26007’36” N 91040’15.6” E Boragaon, dumping site 

2 26007’59.11” N 91039’51.77” E Near Tetelia 

3 26006’46.13” N 91039’24.36” E Near Chakardeo  

4 26008’11.48” N 91037’36.04” E Dharapur 

5 26008’26.63” N 91039’55.57” E Near ASTU 

6 26007’21.62” N 91038’48.69” E Middle of Deepor beel 

3.2 Collection and pre-treatment of samples 

Collection of water samples were done three times during the period from august 2019 to june 2020 in 

the morning hours after a suitable interval between each sampling at the sites.  The water samples were 

collected in a plastic water bottles and BOD bottles from the respective study sites and brought to 

laboratory for further analysis. The samples were collected from 15 cm beneath the water surface at the 

mentioned sampling points. The temperature was measured for each sample on the spot at the time of 

collection. Whereas the other parameters like Total Alkalinity (TA), pH, Total Dissolved Solids (TDS), 

turbidity (T), chloride etc. were estimated within 24 hours of collection by applying suitable analytical 

methods. For Dissolved oxygen (DO) and Biological Oxygen Demand (BOD), the samples were 
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collected in 300 ml BOD bottles very carefully, for BOD analysis samples were collected and preserved 

for 5 days. 

3.3 Analytical methods 

Analysis of the various parameters taken into consideration were done according to IS:3025 – 

Reaffirmed 2007. Temperature was measured with the help of mercury thermometer, graduated 

between 0º - 100º C at the time of collection of samples. Colour and odour were noted immediately 

after collection of samples through visual observation and smelling respectively. pH was determined 

by inserting the pH-meter into the samples collected. Turbidity was taken with a turbidity tube insitu 

and readings were obtained in N.T.U. Alkalinity was measured by titrating with standard sulphuric acid 

with phenolphthalein and methyl orange as indicator, Total hardness by titrating with EDTA method 

and Chloride by argentometric method using silver nitrate solution and potassium chromate as indicator. 

D.O was determined by Winkler’s Iodometeric method with sodium thiosulphate reagent and starch as

indicator. B.O.D was determined through titrimetric method. Iron and Nitrate were determined using

UV-Visible Spectrophotometer. The standard Absorbance spectrum curve is used to obtain the iron and

nitrate concentration of the water sample. The results obtained from the analysis of samples were

compared with permissible limits standardized by Indian Standards Institute (IS:10500,2012) and

Bureau of Indian Standards (BIS, 1993).

4. Results and discussion

4.1 Physico-chemical parameters 

The results obtained in this testing have been presented in Table 2. The variation in the parameters in 

different season has been noted which will indicate the water quality status of the study area.  

Table 2 Concentrations of water quality parameters of the sampling sites 
Parameters Month Sampling sites 

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 

Temperature (0C) November 21.24 20.36 20.11 22.15 20.15 21.29 

February 22 21.10 21.15 22.21 21.36 22.14 

June 25.1 25.2 24.9 26 24.5 24.5 

Colour November Black Yellow Clear Clear Clear Clear 

February Black Brown yellowish yellowish Clear Clear 

June Black Light 

black 

Yellowis

h 

yellowish Clear Clear 

Odour November Bad Bad No No No No 

February Bad bad No No No No 

June Bad Bad No Slight No No 

pH November 6.63 7.2 7.54 7.37 7.23 7.64 

February 5.92 6.8 7.16 7.45 7.05 7.29 

June 6.1 6.54 7.5 7.55 7.07 7.19 

Turbidity(NTU) November 15 5 7.5 10 5 5 

February 15 10 10 10 5 5 

June 15 10 7.5 10 5 5 

Alkalinity (mg/L) November 33 37 42 42 41 45 

February 29 32 41 42 39 42 

June 31 35 39 41 44 44 

Hardness (mg/L) November 135 120 120 105 115 100 

February 150 135 125 120 110 105 

June 150 125 120 110 100 100 

Iron (mg/L) November 3.36 1.71 1.34 1.45 .69 .72 

February 3.68 1.86 1.37 1.47 .66 .74 

June 3.59 1.81 1.22 1.45 .67 .75 

Nitrate (mg/L) November .15 .08 .03 .04 .009 .01 

February .17 .09 .035 .036 .008 .018 

June .17 .008 .036 .039 .008 .017 
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Chloride (mg/L) November 39 34 37 59 28 26 

February 48 46 38 63 27 24 

June 44 45.2 38 62.5 27.5 25 

D.O (mg/L) November 3.81 5.4 7.2 6.57 8.5 8.1 

February 3.67 4.97 7.9 6.29 9.1 8.15 

June 3.71 5.51 7.4 6.1 9.0 8.5 

B.O.D (mg/L) November 8.13 7.18 5.52 5.8 4.27 4.25 

February 8.58 8.21 5.24 6.01 4.15 4.20 

June 8.61 8.4 5.73 6 4.21 4.6 

Table 3 Standards for water quality as per BIS (IS:10500,2012) 

Sl. No. Parameters Desirable limit Maximum permissible limit 

1  (pH) 6.5 – 8.5 6.5 – 8.5 

2 Turbidity (NTU) 1.0 5.0 

3 Alkalinity (mg/l) 200 600 

4 Total Hardness (mg/l) 200 600 

5 Iron (mg/l) 0.3 1.0 

6 Nitrate (mg/l) <4.5 4.5 

7 Chloride(mg/l) 250 1000 

Some of the parameters seems to vary from the standard permissible limits (IS:10500,2012), whereas 

certain parameters are well within the desirable limits as set up by BIS. In the present case, it is seen 

that the water quality parameters of the deepor beel varies from one sampling season to another. The 

changes in the parameters can be also seen with change of sampling locations. The pH values ranges 

from 5.92 to 7.64, higher acidic water is noted in site 1(dumping site at Boragaon).  Alkalinity, total 

hardness of the sampling sites is within the permissible limits. Total hardness of water is higher in site 

1 (near the dumping site), whereas it decreases in the other sampling sites. Turbidity of the samples 

show higher values in all the stations than the permissible limits, ranging from 5 to 15 NTU. Dumping 

site at Boragaon has the highest turbidity value of 15 NTU. Iron content in the sampling stations is in 

the range of .66 to 3.68 (mg/l). Iron content is much higher than the permissible standards with lower 

value of .66 mg/l at site 5 and highest value obtained in site 1. Nitrate concentration in the sampling 

sites is well within limits. D.O of site 1 i.e. dumping site at Boragaon is not under standard limits in 

each of three testing with lowest value recorded as 3.67 mg/l. B.O.D recorded for the sampling sites are 

opposite to that of D.O with highest value obtained in site 1 (8.61 mg/l) and lowest value at site 5 (4.15 

mg/l). It is to be noted among all the parameters, the extreme values are recorded at municipal dumping 

site which shows the deterioration water quality near the dumping area. Another notable outcome of 

this study is the tendency of the parameters to increase or decrease towards the extreme values during 

the testing done in the month of February. pH, iron, nitrate, turbidity, D.O, and B.O.D values are even 

further away from the permissible limits during the month of February, which shows higher flow of 

water and leaching during these period. 

4.2 Anova 

The results obtained from the test were subjected to basic statistical analysis (One-Way ANOVA). One-

Way Analysis of Variance (ANOVA) of the various the parameters of the water samples are done to 

determine whether there are any statistically significant differences between the means of two or more 

independent groups. In this case study, the One-Way ANOVA is performed using the software 

Statistical Package for the Social Science (SPSS) version. 22. This analysis tests the validity of null 

hypothesis that the water variables concentrations did not differ with different seasons. This significance 

is based on the F-ratio and the p-value, obtained from the software during the analysis. If the F-ratio > 

1.0 and the p-value<.05, then it is concluded as the null hypothesis is not valid and the differences are 

quite significant. For the null hypothesis to hold good, the value of F must be approximately equal to 1. 

One-Way ANOVA analysis in this study was carried out on basis of temporal variation. ANOVA 

showed that the F-ratio of iron (594.425), nitrate (305.442), chloride (43.391), D.O (158.768), B.O.D 

(90.694) are much greater than 1.0 and P=0. As F-ratio >> 1, so there is significant variation in the 
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water variables at different period of testing i.e values of the samples vary significantly from one another 

at different seasons. Moreover, alkalinity (19.892), hardness (16.331) and pH (11.180) has lower F-

ratio as compared to other parameters, but with p-value<<.05, they hold a good enough chance in 

showing temporal variation in their values from one season to another. Only, turbidity has F-ratio closer 

to 1 and P-value= .59 >.05, which indicates that it is nearer to hold the null hypothesis, and there will 

no significant differences in the values in different period of sampling. 

Table 3 One-Way ANOVA datasheet using SPSS 

Water quality parameters F-ratio P-value

pH 11.180 .021 

Turbidity (NTU) 4.66 .59 

Alkalinity (mg/l) 19.892 .000 

Hardness (mg/l) 16.331 .031 

Iron (mg/l) 594.425 .000 

Nitrate (mg/l) 305.442 .000 

Chloride (mg/l) 33.391 .001 

D.O (mg/l) 158.768 .000 

B.O.D (mg/l) 90.694 .000 

4.3 Correlation-Matrix (Pearson Correlation Method) 

A statistical correlation analysis was performed for the data obtained from the test samples, to check 

the possible correlation between the sample parameters of Deepor beel. A correlation matrix is a tabular 

presentation of the correlation coefficients between the variables i.e. each cell in the table shows the 

correlation between two variables. In this study, a correlation matrix was formed with the results of all 

the 9 parameters using the software SPSS ver. 22. The correlation matrix was formed through the 

Pearson correlation analysis method and the significance test selected was two- tailed test. The 

correlations were presented based on .01 and .05 significances. A positive correlation indicates the 

occurrence of two variables in parallel; whereas a negative correlation indicates the extent to which one 

variable increases as the other decreases. The correlation matrix formed with the results obtained from 

the tests showed positive correlation prevails among various parameters at .01 significance level. From 

table 4, it can be seen that pH has positive correlation with alkalinity and D.O, Turbidity has positive 

correlation with chloride, nitrate and B.O.D and vice – versa. Again, B.O.D shows significant 

correlation with nitrate, turbidity and hardness on the positive side of p<.01, but it has negative 

correlation with D.O and alkalinity. Hardness and alkalinity shares a negative correlation with pH. It is 

to be noted that iron does not show any significant correlation with the remaining testing parameters as 

per the SPSS correlation matrix. 

Table 4 Correlation matrix of the water quality parameters 

pH Turbidity Alkalinity Hardness Iron Nitrate Chloride D.O B.O.D 

pH 1. 

Turbidity -.685** 1. 

Alkalinity .865** -.749** 1. 

Hardness -.790** .826** -.917** 1. 

Iron .03 -.19 .06 -.01 1. 

Nitrate -.849** .864** -.917** .898** -.16 1. 

Chloride -.09 .631** -.28 .35 -.2 .35 1. 

D.O .674** -.859** .852** -.837** .2 -.940** -.569* 1. 

B.O.D -.735** .813** -.896** .856** -.21 .914** .519* -.959** 1. 

Note: N=18; *p<.05; **p<.01 
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5. Conclusion

The measured parameters in this present study indicated towards fluctuation of concentration of the 

parameters at different location. The results in this project study has been obtained in accordance to the 

objectives that were aimed to be achieved at the starting of this project.  Keeping up with the objectives 

of this study, the sites were selected in such a manner that testing can done in areas which are closer to 

the dump site as well as away from the dumpsite. So, the results that were obtained from the study 

clearly points towards high concentration of certain parameters in sites closer to dumpyard, a low to 

moderate increase or decrease from standard limits in other sites. From the results obtained it can be 

seen that waste water generated by industry or house hold, and water flowing through the agricultural 

land may also affect the water quality. However, the water near to the dump site is showing some 

frequent changes in water quality parameters with change in seasons. On concentrating on the site 1 i.e. 

the water area near the Municipality dumping zone, it is evident that water tends to be acidic, higher 

iron concentration, increasing hardness and turbidity and lower in D.O level than the other sampling 

sites which were subjected to less pollutant matter. Moreover, the concentrations tend to be towards the 

extreme side during February – March duration at site 1 and 2. Thus, it can be concluded that through 

the detailed testing of specified parameters at different sites, the water quality of Deepor beel near the 

municipal dumping zone at Boragaon is deteriorating gradually. With further increase of dump waste 

flowing into the Deepor beel, the water quality might be subjected to such a level degradation that 

purification will not be possible. Moreover, the effect of the poor water quality on the biodiversity will 

be a noteworthy situation. 
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Abstract 

Hydrological modeling of river basins is an important numerical tool for understanding, predicting and 

managing water resources. Soil Water Assessment Tool (SWAT) is applied to the Upper Cauvery river 

basin located in southern India to simulate the streamflow discharge, identify the sensitive parameters, 

and analyze uncertainty in the river basin. The hydrological assessment is useful for the hydrologist, 

water resources engineers involved in water supply, agricultural management and climate change, as 

well as the water auditing for water disputes. A GIS environment Arc SWAT module was used to 

develop the hydrological model of Upper Cauvery basin and all database was developed to run the 

model. SWAT-CUP software module SUFI2 was used to analyze the sensitivity and uncertainty of the 

model parameters. The results of model calibration and validation suggest a good match between the 

measured and simulated streamflow and hence can be used for predicting scenarios such as climate 

scenario, land use land cover scenario and cropping pattern scenario. 

Keywords: Hydrological Modeling; Upper Cauvery River Basin; SWAT; SWAT-CUP; Sensitivity 

Analysis; Uncertainty Analysis   

1. Introduction

Issues of water management are widely spread and debated across the globe, since it is an important 

natural resource for life on the earth. Thus, assessment of temporal and spatial distribution of water on 

the earth is very important. Appropriate utilization of water resources involves calculation and 

management of the quantity and quality of the resources both in time and space. Water crises caused by 

scarcities, floods and decreasing water quality, are growing in all parts of the world. The increase in 

domestic water supplies due to increase in population and, at the same time, results with a high rate of 

consumption of water due to growth in agriculture and industry. Improper management and lack of 

understanding of existing water resources and the fluctuating climatic situations has resulted in an 

imbalance of supply and demand of water. The land and water resources system of any area are affected 

by the rate of population growth, construction, expansion, deforestation, surface erosion and sediment 

transport (Vilaysane et al. 2015). Availability of water both positively and negatively affects human 

and animal habitats, economic prosperity, food supply, human migration and domestic and international 

relations (Guug et al. 2020). 

Hydrological modeling seeks to represent temporal and spatial processes of the hydrological cycle at 

catchment-scale. Hydrological model is generally used in different fields of water resource development 

for evaluating the available resources. However, the ultimate aim of model’s performance must be 

improving decision-making about a hydrological problem, whether that is in water resource 

management or sustainability of the water resources within the basin. With increasing demands on water 

for domestic, industries and agricultural purpose and fluctuating weather patterns from year to year 

necessitates improved representation of hydrologic process.  Hydrologic modelling is applied to 

evaluate the water availability, for the prediction of short- and medium-term flows and to assess the 

hydrologic response of the basin due to variations in soil and occupation (Pereira et al. 2016). SWAT 

is a continuous, process-based, semi-distributed model (Arnold et al. 1998; Gassman et al. 2007) applied 

to agricultural watershed where quantitative and qualitative drainage components and erosion processes 

are to be studied, in addition to allowing the evaluation of hydrological behavior of basins facing 

changes in land use and cover. The most widely recognized approach is hydrological modelling, focused 

on the relationship between land use, climate, soil and hydrological processes. (Anil and Ramesh 2017). 
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The SWAT-CUP (Abbaspour et al. 2007) is a computer program that links the Sequential Uncertainty 

Fitting (SUFI-2) algorithm to SWAT model. SWAT-CUP is an interface created for SWAT. Many 

researchers have used the SUFI-2 algorithm for model calibration, validation and uncertainty analysis 

of SWAT model parameters. (Vilaysane et al. 2015) used the SUFI-2 to calibrate the values for 

hydrological modeling of the Xedone River Basin.  

This paper tries to use the basic but efficient techniques of the SWAT hydrological model with the 

observed hydro-meteorological data to evaluate water availability in the Upper Cauvery river basin. 

SWAT-CUP software module SUFI2 was used for calibration, validation, analyze the sensitivity and 

uncertainty of the model parameters. This will inform farmers, policymakers and decision makers about 

the amount of water available in the Upper Cauvery catchment and strategies for improving sustainable 

agriculture and productivity, improving the livelihood of human beings and food security. 

2. Study Area

The present study is carried out in Upper Cauvery, drains an area of 10,619 sq. km. which is 

approximately 13% of the Cuavery basin and is shown in the figure 1.  The Upper Cauvery lies wholly 

in Karnataka, covering part of Chikkamagaluru, Kodagu, Hassan, Mandya and Mysuru Districts. 

Further, the Upper-basin encompasses the catchment area of the Hemavathi, Harangi and 

Lakshmanathirtha up to Krishnaraja Sagara (KRS) dam. The Cauvery river originates at Talakaveri in 

Brahmagiri hill at Kodagu district of Karnataka in the western ghats at an elevation of 1341 m (above 

MSL). It lies between 75°27’ to 76°54’ east longitudes and 10°9’ to 13°30’ north latitudes. The Cauvery 

basin is bounded by Tungabhadra and Krishna basin on the Northern side and Palar basin on the 

Southern side. Average annual rainfall in the region is about 2332mm with 90% of the rainfall 

contribution from south-west monsoon alone and rest during pre- and post-monsoon. The Cauvery river 

provides water supply for the cities of Mysore and Bangalore, industries, development of hydropower 

and agricultural activities in the basin. 

Figure 1. Study area 
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3. Data Sets

3.1 Rainfall 

SWAT requires daily rainfall data, which is collected from Karnataka State Natural Disaster Monitoring 

Centre (KSNDMC) Bangalore. Rainfall data pertain to 15 rain gauge stations are collected between 

2007 to 2017. The rain gauge stations are Madikeri, Virajpete, Sakleshpur, Somavarapet, Alur, 

Chikmagalur, Belur, Hassan, Piriyapatna, Arakalgudu, Krishnarajapet, Holenarsipur, Channarayapatna, 

Hunsur and Krishnarajanagara. 

3.2 Temperature 

The Daily maximum and minimum temperature of 7 stations have been collected for the periods from 

2007 to 2017. The data related to the stations Belur, Gorur, Shravanabelagola, Kadur and Shringeri are 

obtained from gauging division Hassan. The other two stations Harangi and KRS are obtained from 

Harangi and KRS dam authority. 

3.3 Digital Elevation Model 

30-meter ASTER digital elevation model was used to delineate the watershed and drainage pattern of

the study area, which was taken from USGS Earth Explorer. DEM is one of the important input data

for the SWAT model.

3.4 Land Use Land Cover 

Landsat-8 thematic map from USGS with a resolution of 30 m was used to generate the land use land 

cover map of the study area. In this study 2015 Landsat image were preprocessed and classified using 

ERDAS IMAGINE 2014. The LULC map (figure 2) is classified with 5 different classes such as water, 

built-up, wasteland, forest and agriculture. The major percentage of the study area is enclosed with 

forest and agriculture.    

Figure 2. LULC map of the study area               Figure 3. Soil map of the study area 
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3.5 Soil Map 

FAO Digital Soil Map of the World (DSMW) is used in the present study. The FAO digital soil map of 

the world is the digitized version of the FAO-UNESCO soil map of the world produced in paper version 

at scale 1:50,00,000. Figure 3 shows the soil map of Upper Cauvery basin. 

3.6 Streamflow 

Daily measured discharge data of 10-year duration (2009-2018) for Upper Cauvery basin have been 

collected from KRS project division, Mandya. This data was used for SWAT calibration and validation. 

4. Methodology

4.1 SWAT 

SWAT is a popular tool for the hydrological simulation in recent decades. SWAT is a computationally 

effective, physically oriented, continuous-event hydrological model that uses readily available outputs.  

(Arnold et al. 1998, Saleh et al. 2000). A watershed in SWAT is categorized into number of sub-basins 

that are again classified into homogenous elements called hydrological response units (HRUs) with 

specific slope/soil/land use characteristics. The study from (Neitsch et al. 2005) forecasted the effect of 

soil management practices on water quantity and quality for major diverse watershed over long periods 

of time that have changing soils, land use and management practices. The Arc-SWAT 2012 version is 

used for the computation of streamflow in Upper Cauvery basin. 

4.2 SWAT-CUP 

SWAT-CUP is an interface that was developed for SWAT. It allows sensitivity, calibration, validation, 

and uncertainty analysis of SWAT model (Abbaspour et al. 2007). SUFI-2 is the algorithm used for 

calibration of SWAT model. SUFI-2 is given several iterations to get the acceptable result. SUFI-2 

algorithm with several iterations is used to re-adjust the parameters to better fit the observed values. 

Each iterations of the SWAT-CUP contains the suggested parameter values and that new parameter 

values are used in the next iteration.  Finally, SWAT-CUP provides the satisfactory result with values 

of Nash-Sutcliffe, coefficient of determination and other embedded objective functions. 

5. Results and Discussion

5.1 Model Calibration and Validation 

The calibration is the modification within the suggested ranges of model parameters to improve the 

performance of the model to fit the observed set of data. Validation of the model compares the SWAT 

output with the observed streamflow without altering the values of the variables affecting them. 

Calibration performed from 2010 to 2014 and validation was done from 2015 to 2017. The coefficient 

of correlation R2 is observed for the calibration period is 0.73 and that of validation period is 0.74. The 

calibration and validation results are shown in the figure 4 and 5. The Nash–Sutcliffe efficiency NSE is 

0.71 for calibration and 0.75 for validation period. A good co-relation is observed between the simulated 

and the observed streamflow during calibration and validation, which is presented in figure 6 and 7 

respectively. 

5.2 Uncertainty Analysis 

The quantification of model sensitivity to changes in parameter is major step in understanding the 

performance of model. For SWAT-CUP, the simulated runoff was taken to parameter sensitivity 

analysis and optimization of the most sensitive selected parameters (Sequential Uncertainty Fitting 
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version 2). Table 1 offers ranking most sensitive parameters with ranking calculated by means of an 

LH-OAT analysis. Parameter ranked as 1 is considered as most sensitive and ranked as 14 is least 

sensitive and so on. CN2, ALPHA_BF and GW_DELAY was identified as the most sensitive 

parameters. Slight modification of these parameters responds quickly to the generation of runoff. 

       Figure 4. Scatterplot of calibrated model    Figure 5. Scatterplot of validated model 

  Figure 6. Simulated v/s observed daily            Figure 7. Simulated v/s observed daily       

  streamflow during calibration         streamflow during validation 

Table 1. Sensitive Parameters and Fitted Values after Calibration Using SUFI-2 
Parameter Names Rank Minimum Value Maximum Value Fitted Value 

R_CN2.mgt 

V_ALPHA_BF.gw 

V_GW_DELAY.gw 

V_GWQMN.gw 

V_SURLAG.bsn 

R_EPCO.bsn 

V_ESCO.hru 

V_GW_REVAP.gw 

R_SOL_AWC.sol 

R_SOL_K.sol 

R_SOL_Z.sol 

V_CH_K2.rte 

V_CANMX.hru 

V_REVAPMN.gw 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

-0.18

0.56

65.30

376.98

4.37 

0.09 

0.32 

0.10 

-0.29

0.02

-0.19

210.64

-0.28

325.15

-0.02

0.73

99.88

659.14

6.93

0.25

0.60

0.17

-.014

0.12

-0.06

340.39

2.63

504.12

-0.12

0.57

50.53

721.16

4.90 

0.20 

0.59 

0.16 

-0.16

0.09

0.002

276.24

2.45 

249.08 

6. Conclusions

Calibration of the SWAT model was successfully caried in Upper Cauvery basin. To carry out 

uncertainty and sensitivity analysis, the common SUFI-2 algorithm was used. Optimal values of the 

parameters of the model for handling water quantities were specifically defined and described. The 

streamflow has been simulated with the sensitive parameters. The assessment of model performance 

was successfully accomplished with the suggested statistical coefficients. The daily simulation results 
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of R2 and NSE are 0.73 and 0.71 during calibration period, 0.74 and 0.75 during the validation period. 

In addition, these performances can be improved using more precise input data, especially for the soil 

characteristics estimated with global data in this study. The incorporation of certain other climate data, 

such as solar radiation, humidity and wind, may also increase the accuracy of the calculation of 

evapotranspiration and thus the other components of the water balance. The hydrological assessment is 

useful for the hydrologist, water resources engineers involved in water supply, agricultural management 

and climate change, as well as the water auditing for water disputes. Hence the model can be used for 

predicting scenarios such as climate scenario, land use land cover scenario and cropping pattern 

scenario. 

References 

Abbaspour, K. C., Yang, J, Maximov, I., Siber, R., Bogner, K., Mieleitner, J., Zobrist, J. and Srinivasan, R. (2007). 

Spatially distributed modelling of hydrology and water quality in the Pre-Alpine/Alpine Thur watershed using 

SWAT. Journal of Hydrology, 333, 413–430. 

Anil, A. P. and Ramesh, H. (2017). Analysis of climate trend and effect of land use land cover change on Harangi 

streamflow, South India: A case study. Sustainable Water Resources Management, 3, 257–267. 

Arnold, J. G. and Fohrer, N. (2005). SWAT2000: current capabilities and research opportunities in applied 

watershed modelling. Hydrological Processes, 19, 563-572. 

Arnold, J. G., Srinivasan, R., Muttiah, R. S. and Williams, J. R. (1998). Large area hydrologic modelling and 

assessment, Part 1: Model development. Journal of American Water Resources Association, 7389, 73–89, 

doi:10.1111/j.1752-1688.1998.tb05961.x. 

Baker, T. J. and Miller, S. N. (2013). Using the soil and water assessment tool (SWAT) to assess land use impact 

on water resources in an East African watershed. Journal of Hydrology, 486, 100–111. 

Fadil, A., Rhinane, H., Kaoukaya, A., Kharchaf, Y. and Bachir, O. A. (2011). Hydrologic modeling of the 

Bouregreg watershed (Morocco) using GIS and SWAT model. Journal of Geographic Information System, 3, 

279-289.

Fukunaga, D. C., Cecilio, R. A., Zanetti, S. S., Oliveira, L. T. and Caiado, M. A. C. (2015). Application of the

SWAT hydrologic model to a tropical watershed at Brazil. Catena, 125, 206-213.

Gassman, P. W., Reyes, M. R., Green, C. H. and Arnold, J. G. (2007). The soil and water assessment tool:

Historical development, applications, and future research directions. Transactions of American Society of

Agricultural and Biological Engineers, 50(4), 1211-1250.

Guug, A. S., Ganiyu, S. A. and Kasei, R. A. (2020). Application of SWAT hydrological model for assessing water

availability at the Sherigu catchment of Ghana and Southern Burkina Faso. Hydro Research, 3, 124-133.

Neitsch, S. L., Arnold, J. G., Kiniry, J. R. and Williams, J. R. (2005). Soil and water assessment tool: Theoretical

documentation, version 2005. Grassland and Water Research Laboratory and Blackland Research Center,

Temple, Texas.

Pereira, D. D. R., Martinez, M. A., Pruski, F. F. and Silva, D. D. D. (2016). Hydrological simulation in a basin of

typical tropical climate and soil using the SWAT model part I: Calibration and validation tests. Journal of

Hydrology: Regional Studies, 7, 14-37.

Raju, K. and Nandagiri, L. (2015). Application and test of the SWAT model in the upper Cauvery river basin,

Karnataka, India. 4th International Engineering Symposium, March 4-6, Kumamoto University, Japan.

Sahu, M., Lahari, S., Gosain, A. K. and Ogri, A. (2016). Hydrological modeling of Mahi basin using SWAT.

Journal of Water Resource and Hydraulic Engineering, 5(3), 68-79.

Saleh, A., Arnold, J. G., Gassman, P. W., Hauck, L. M., Rosenthal, W. D., Williams, J. R. and McFarland, A. M.

S. (2000). Application of SWAT for the Upper North Bosque river watershed. Transactions of American Society

of Agricultural Engineers, 43(5), 1077–1087.

Salimi, E. T., Nohegar, A., Malekian, A., Hosseini, M. and Holisaz, A. (2016). Runoff simulation using SWAT

model and SUFI-2 algorithm Case study: Shafaroud watershed, Guilan Province, Iran. Caspian journal of

environmental science, 14(1), 69-80.

Senthil, A. R., Chourasia, S., Khobragade, S. D. and Arora, M. (2020). Hydrological modelling of Bhagirathi

Basin up to Tehri Dam using SWAT. Roorkee Water Conclave, February 26-28, 2020.

Shivhare, N., Dikshit, P. K. S. and Dwivedi, S. B. (2018). A comparison of SWAT model calibration techniques

for hydrological modeling in the Ganga river watershed. Engineering, 4, 643-652.

Vilaysane, B., Takara, K., Luo, P., Akkharath, I. and Duan, W. (2015). Hydrological stream flow modelling for

calibration and uncertainty analysis using SWAT model in the Xedone river basin, Lao PDR. Procedia

Environmental Sciences, 28, 380-390.

503



Estimating the impacts of Land use and Land 

cover on soil properties of Puttur 

Sowmya NJ1, Apoorva2   Deviprasad2, Anunaya2 ,  Kiran 2 Prasad Pujar3 

1 Professor,  Dept of Civil Engg. VCET, Puttur DK-574203, Karnataka, India 

2   B.E Students, Dept of Civil Engg. VCET, Puttur, DK-574203, Karnataka, India 

3 Research scholar,  Dept of Civil Engg. VCET, Puttur DK-574203, Karnataka, India 

Email: sowm.shyam@gmail.com, apoorvaramesh516@gmail.com 

Abstract 

Many studies show that population growth is the main factor for the land use/land cover changes,  which impact 

on climate change, soil properties and socio-economic changes.  In this study, an attempt is made to estimate the 

impact of land-use changes on soil properties. The land use/land cover changes of the study are determined 

using Resourcesat2, LISS-4 images of 2008 and 2019.  ArcGIS 10.7 and ERDAS Imagine 2019 software was 

used to classify individual classes like agriculture, mixed forest, water bodies, built-up area, barren land and 

river bed.  There was a rampant conversion of forest land to other land uses. The study concludes that land-use 

changes have an impact on soil properties such as Organic Carbon, nitrogen, Electrical Conductivity, pH, dry 

density and Potassium. 

Keywords: LULC, soil properties, agricultural land, mixed forest, water bodies, built-up area, barren land, river 

bed  

I. INTRODUCTION

India is one of the rapidly developing countries undergoing significant changes in microclimate, 

which accelerating the effect of climate change (Swain et al., 2017). Human actions are likely to lead 

the greatest changes on the earth’s surface. The rapid growth of population increased the impact on 

limited natural resources and majorly contributed to changes in land cover (Islam et al.,2018). The 

traditional management of land-based resources along with growing interest poses a challenge for 

managing natural resources. In recent years increasing use of remote sensing shows that land use and 

land cover changes(LULC) is the main tool to assess the changes on the globe in different spatial 

scales (Selçuk 2008, Bhatta et al.,2010). The rate of LULC changes in the study area which can help 

the decision-makers to replan the use of natural resources efficiently (Esmaila et al.,2016, Fan et al 

2007). Long periods of continuous cultivation shows changes in chemical, physical and enzyme 

activities of soil( Radvan and Oehan,2010). Different studies (Pandian et al., 2014, Gol and 

Yilmaz,2017, Christy et al., 2006) show that land use/cover changes effects on geology, topography, 

vegetation, climate and soil properties in different regions. Transformation of natural forest into 

cultivated land decreases especially organic matter which effects on soil physical, chemical properties 

and its function of natural forest system( Radvan and Oehan 2010). Therefore, the study has taken to 

determine the impact of land use and land cover changes on selected soil properties of Puttur taluk of 

Dakshina district, Karnataka. 

II  EXPERIMENTAL PROGRAM 

The study area Puttur falls in 750 5’ to 750 40’ E the longitude and 12030’ to 120 55' N latitude, located 

in the east of Karnataka State, India (Fig.1). Puttur taluk of Dakshina Kannada district has sixty-seven 

villages with around 2.88 lakhs population experiences temperature of 39oC and rainfall more than 

3900mm. With high humidity of the region, the laterite soil inhabits space for the agricultural crops 
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like areca nut, coconut, cocoa, banana, cashew, rubber, paddy and many varieties of fruits and 

vegetables. The cultivation of these commercial crops is more profitable to farmers and as per 

Dakshina Kannada district statistical data of 2018, decreased the trend of paddy field and increasing 

trend of other agricultural crops of the area gives the warning bell to the socio-economic condition. 

Fig 1. Study Area 

From NRSC, Hyderabad, the 5.8m resolution multispectral images of the study area of the month of 

January 2008 and February 2019 are collected in order to avoid the difficulties that may arise in 

differentiating some land-use classes. Georeferencing, mosaic, and layer stack are done using ArcGIS 

10.7 and ERDAS Imagine 2019 software. Using visual interpretation method, different land-use 

classes like agriculture, mixed forest, built-up area, water bodies, barren land and river bed are 

classified and cross-verified by data collected at field data taken using GPS and Google Earth image. 

The soil properties of different LULCs are more significant on 0-15cm soil (Gebrekidan et.al 2014) 

and it is due to organic matter present on the surface (Göl and Yilmaz 2017). In this study total 120 

samples (both disturbed and undisturbed) from different LULC are collected with the help of GPS. 

Flame photometer, spectrophotometer and PUSA STRF meter are used to determine soil properties. 

III RESULTS AND DISCUSSION 

Table 1. Land Use Change Details  

Classification % Area in     % Change 

2008 2019 

Water Bodies 1.03 1.07 3.74 

Mixed Forest 53.12 40.86 -30.00

Agricultural Land 41.32 51.22 19.33 

Built-Up Land 1.71 3.86 55.70 

Barren Land 2.45 2.67 8.24 

River Bed 0.37 0.32 -15.63

It is clear from Table 1, Fig 2 and Fig 3 that the area of water body increased by 3.74 per cent, which 

depends on rainfall occurred in the month and water utilization. It is observed that agricultural land 

increased by 19.3% and built-up land includes buildings, roads and tourist places increased by 55.7 

per cent and a parallel decrease in forest land by 30 per cent during the period of 10 years. The rapid 

increase trend in a built-up area and decrease in forest land is the alarm to the authority and warning 

for socio-economic and ecological imbalance in the study area.  

The investigations were carried out within a study area by collecting 17-25 soil samples from different 

LULC namely, water bodies, mixed forest, agricultural land, built-up land, barren land and river bed. 

505



.   
Fig. 2. LULC in the year 2008 

Fig.3. LULC in  the year 2019 

Table 2 shows that the pH values of the different land uses significantly varied with land use and 

indicates the acidic type of soil. The PH of soil below the water body and the river bed is little higher 

than urban land compares to other LULCs. Decomposed material below the water bodies may cause 

slightly higher PH values.  Agricultural and forest soils were found to be nearer values of PH compare 

to other LULC. The result shows that cultivation increases the PH of soil.  It is observed from Table 3 

that soil from the river bed and water bodies has maximum Electrical conductivity (EC) and next in 

agriculture and forest land due to increase in ions concentration. Barren land shows the least value of 

electrical conductivity indicates that land-use changes EC of soil. 

Table 4 shows that Organic Carbon(OC) values of forest land are higher compare to other LULCs and 

least value is observed in urban land and soil from the river bed. Agricultural soils show lesser OC 

compared to forest soils indicates that OC decreases due to cultivation, which resulted from more 

decomposition of organic matter due to exposure of soil to the atmosphere. 
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Table 2. PH values of  the study area 

pH 

Urban Agriculture Barren 

Mixed 

forest 

Water 

body 

River 

bed 

Min 4.47 3.98 4.68 4.28 4.76 4.67 

Max 6.13 6.08 5.18 5.75 6.63 6.30 

Mean 5.31 5.06 4.91 5.11 5.95 5.57 

Median 5.44 5.01 4.88 5.06 6.16 5.89 

Stdiv.S 0.40 0.59 0.16 0.38 0.62 0.65 

Stdiv.P 0.39 0.57 0.15 0.38 0.60 0.60 

Table 3. EC values of the study area 

Electrical conductivity(m s) 

Urban Agriculture Barren Mixed forest Water body River bed 

Min 129.50 48.20 187.40 160.80 318.40 107.20 

Max 688.10 769.40 515.20 644.20 947.00 947.50 

Mean 343.37 443.42 315.97 401.41 476.85 558.41 

Median 333.00 453.85 281.00 385.10 419.80 506.20 

Stdiv.S 150.70 138.85 94.85 125.13 183.78 294.88 

Stdiv.P 146.89 135.33 89.43 122.49 177.09 273.00 

Table 4. OC values of the study area 

Organic carbon(%) 

Urban Agriculture Barren Mixed Forest Water body River Bed 

Min 0.00 0.21 0.24 0.20 0.02 0.00 

Max 0.58 0.80 0.67 0.99 0.58 0.42 

Mean 0.27 0.55 0.47 0.51 0.20 0.15 

Median 0.28 0.56 0.48 0.47 0.14 0.13 

Stdiv.S 0.19 0.15 0.16 0.23 0.17 0.15 

Stdiv.P 0.18 0.15 0.15 0.23 0.17 0.14 

Table 5 indicates that the nitrogen available in agricultural land of the study area is quite greater than 

forest land; it may be due to the utilization of fertilizers. The nitrogen value is decreased from forest 

land to barren land and urban land in that order. The amount of nitrogen available in the river bed and 

soils below the water bodies are very less. 

Table 5. Nitrogen values of the study area 

Nitrogen(Kg\ha) 

Urban Agricultural Barren Forest Water body 

River 

bed 

Min 14.00 119.00 132.00 52.00 11.00 56.00 

Max 364.00 560.00 474.00 560.00 370.00 237.00 

Mean 171.00 362.50 258.11 274.08 130.21 117.00 

Median 164.00 371.00 227.00 221.50 78.50 78.00 

Stdiv.S 120.17 126.54 117.66 182.71 118.82 75.13 

Stdiv.P 116.97 123.34 110.93 178.86 114.50 67.20 
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Table 6. Phosphorus values of the study area 

Phosphorus(Kg\ha) 

Urbon Agriculture Barren Forest Waterbody River bed 

Min 0.00 0.00 0.00 0.00 0.00 0.00 

Max 30.10 71.40 16.20 50.30 0.00 0.00 

Mean 7.30 8.89 1.84 9.98 0.00 0.00 

Stdiv.S 10.23 18.69 5.38 14.83 0.00 0.00 

Stdiv.P 9.96 18.20 5.08 14.52 0.00 0.00 

The Phosphorus content in the forest soil is higher and decreases due to LULC changes. From Table 6 

it is clear that in many places of study area Phosphorus values are zero. Phosphorus content is not 

found in soils collected from the water body and river bed. Also, Table 7 shows that land-use changes 

increase the dry density of soil, which indicates the compaction of soil due to modification of soil. 

The study shows that urban land of the study area has higher potassium content than other LULCs. It 

is clear from Table 8 that forest land and agricultural land has almost nearer values of potassium 

content. 

Table 7. Dry density values of the study area 

Dry density(gm\cc) 

Urban Agricultural Mixed forest Barren 

Min 1.33 1.13 1.37 1.35 

Max 1.97 1.88 1.85 1.79 

Mean 1.63 1.56 1.60 1.55 

Median 1.64 1.58 1.62 1.54 

Stdiv.S 0.17 0.20 0.15 0.15 

Stdiv.P 0.17 0.19 0.14 0.14 

Table 8. Potassium values of the study area 

Potassium kg/ha 

Urban Agriculture Barren Forest Water Body River Bed 

Min 9.00 14.00 10.00 9.00 5.00 6.00 

Max 88.00 57.00 43.00 50.00 67.00 54.00 

Mean 33.21 29.80 21.11 27.25 26.15 23.14 

Median 30.00 25.50 14.00 25.50 16.00 21.00 

Stdiv.S 19.08 12.79 11.74 12.20 18.74 16.68 

Stdiv.P 18.57 12.47 11.07 11.94 18.00 15.44 

IV CONCLUSIONS 

From the study, it can be concluded that the decrease in mixed forest by 30% and increase in 

agricultural land (19.3%) and built-up land (55.7%) exhibiting loss of productive lands. The increase 

in built-up lands is a threat to the environmental balance. Also, the increase in agricultural land shows 

the modification of natural slopes of Western ghats(India) which may result in future landslides.  

Hence, the government has to take effective measures against new agricultural expansion in forest 

land.   
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The major variations are observed between forest land and urban and barren land in the order which is 

similar results to many previous studies (Radvan and Oehan, 2010; Gol and Yilmaz,2017). This 

research clarifies that Land use change reflects urbanization which has an impact on soil 

characteristics. 
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Min= Minimum value, Max= Maximum Value, Stdiv.S=Standard deviation sample data and 

Stdiv.P=Standard deviation for an entire population 
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Abstract 

Change in land use land cover patterns has a significant contribution to hydrological cycle. Understanding 

the pattern of LULC is a great aspect of watershed management, so this study discusses the dynamics of 

LULC changes on Mahanadi river basin from 2002 to 2020. One of the detailed and useful ways to develop 

land use classification maps is use of geospatial techniques such as remote sensing and Geographic 

Information System (GIS). This work gives an insight on the accurate, quick and economical procedure for 

mapping land use and land cover of any specified area of interest. Satellite images can provide useful 

information regarding spatial and temporal variation of LU/LC in an area. In the present study, 

assessment of LULC and their change detection were carried out using digital image processing 

techniques. In order to study LULC changes in Mahanadi River basin,  multispectral satellite images were 

used for three Epochs; 2002, 2010 and 2020.  For the year 2002, 2010 and 2020 LANDSAT images were 

obtained for the month of January from United States Geological Survey (USGS). Spatial data such as 

MODIS LP DAAC satellite data and maps are downloaded from USGS website. Present research elaborates 

on 17 land use classes as per the Land use land cover data from MODIS LP DAAC Data Pool of USGS 

Earth explorer. A significant change in the pattern of LULC is noticed for the Mahanadi river basin. The 

main cause behind this change was economic development, significant change in climate and rapid 

population growth. Urbanization and deforestation resulted in a wide range of environmental impacts, 

including degraded habitat quality. The developed LU/LC maps are providing insights to possible changes 

and helps managing in agriculture, forest, urban, and water resource planners and managers in improved 

policy-making processes. 

Keywords: Land use/land cover, GIS, Remote sensing, Mahanadi river basin. 

Introduction 

Land use and land cover are two different terminologies which are generally interdependent to each 

other. Land use refers to use of land in different ways by human and their habitat whereas land cover refers 

to the physical characteristics of earths land surface. Mapping of land use land cover to represent the 

dynamics of its changes using remote sensing and GIS techniques is a promising area of interest that has 

been attracting increasing attention of a lot of researchers. Remote sensing plays an important role to make 

in documenting the actual change in land use and land cover pattern on global scale. 

Land use/land cover change is a key aspect of global change (Vitousek, 1992) and has significant 

implications for many international policy issues (Nunes and Auge, 1999). Changes in land cover and in the 

way people use the land has become recognized over the last 15 years as important global environmental 

changes in their own right To understand the dynamics of LULC in global earth systems, information is 

needed on what changes occur, where and when they occur, the rate of occurrence, and the social and 

physical forces that are responsible for those changes (Lambin, 1997a). Remote sensing plays a key role to 

make in documenting the actual change in land use and land cover pattern on global scale. 
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With the invention of remote sensing and Geographical Information System (GIS) techniques, land use/cover 

mapping has given a useful and detailed way to improve the selection of areas designed to agricultural, urban 

and/or industrial areas of a region (Selcuk et al., 2003). Application of remotely sensed data made possible to 

study the changes in land cover in less time, at low cost and with better accuracy (Kachhwala, 1985) in 

association with GIS that provides suitable platform for data analysis, update and retrieval (Chilar, 2000). The 

advent of high spatial resolution satellite imagery and more advanced image processing and GIS technologies, 

has resulted in a switch to more routine and consistent monitoring and modeling of land use/land cover 

patterns. Remote-sensing has been widely used in updating land use/cover maps and land use/cover mapping 

has become one of the most important applications of remote sensing (Lo and Choi, 2004). 

Some extensive research efforts have been made by international scholars for land use/land cover change 

detection using remotely sensed images. Daniel et al. (2002) have compared land use/ land cover change 

detection methods and made use of 5 methods, viz., traditional post-classification cross tabulation, cross 

correlation analysis, neural networks, knowledge-based expert systems and image segmentation and object-

oriented classification. They observed that there are merits to each of the five methods examined and that, at 

the point of their research, no single approach can solve the land use change detection problem. Yuan et al. 

(2005) developed a methodology to map and monitor land cover change using multi-temporal Landsat TM 

data in the seven-county Twin Cities Metropolitan Area of Minnesota for 1986, 1991, 1998 and 2002. Their 

result showed that between 1986 and 2002 the amount of urban land increased from 23.7% to 32.8% of the 

total area, while rural cover types of agriculture, forest and wetland decreased from 69.6% to 60.5%. 

Adepoju et al. (2006) examined the land use/land cover changes that have taken place in Lagos for the last 

two decades due to the rapid urbanisation. A post-classification approach was adopted by Adepoju with 

a maximum likelihood classifier algorithm. El Gammal et al. (2010) have used several Landsat images of 

different time periods (1972, 1982, 1987, 2000, 2003 and 2008) and processed these images in ERDAS 

and ARC-GIS softwaresto analyze the changes in the shores of the lake and in its water volume. Bhagawat 

(2011) presented the change analysis based on the statistics extracted from the four land use/land cover maps 

of the Kathmandu Metropolitan by using GIS. According to him, land use statistics and transition 

matrices are important information to analyze the changes of land use. El-Asmar et al. (2013) have applied 

remote sensing indices, i.e., normalized difference water index (NDWI) and the modified normalized 

difference water index (MNDWI) in the Burullus Lagoon, North of the Nile Delta, Egypt for quantifying 

the change in the water body area of the lagoon during 1973 to 2011.

In India, a lot of researches on land use/land cover have been done by various research scholars, especially 

by using remote sensing data. Pooja et al. (2012) have quantified land use/cover of Gagas watershed, 

district Almora using survey of India topographic sheet of the year 1965 and LISS III satellite data for the 

year 2008 over a period of 43 years. Rawat et al. (2013a–d, 2014) have carried out a study on land use/land 

cover of five major towns (i.e., Ramnagar, Nainital, Bhimtal, Almora and Haldwani) of Kumaun Himalaya in 

Uttarakhand (India). Based on 20 years of satellite data from 1990 to 2010 of land use/land cover change, 

they found that built up area has sharply increased due to construction of new buildings in agricultural and 

vegetation lands. Amin et al. (2012) carried out a study on land use/land cover mapping of Srinagar city in 

Kashmir Valley. They observed that the Srinagar city has experienced significant changes during 1990 to 

2007. The analysis also showed that changes in land use pattern have resulted in the loss of forest area, open 

spaces, etc. Mehta et al. (2012) presented an integrated approach of remote sensing and GIS for land use and 

land cover study of arid environment of Kutch region in Gujarat in between year 1999 and 2009. Sharma et 

al. (2012) introduced land consumption rate (LCR) and Land Absorption Coefficient (LAC) to aid in the 

quantitative assessment changes between the years 1976 and 2008 in Bhagalpur city in the state of Bihar in 

India. Pandey et al. (2012) presented the implementation of a Geospatial approach for improving the 

Municipal Solid Waste (MSW) disposal suitability site assessment in growing urban environment. Kumar et 

al. (2013) carried out study on biomass estimation of Sariska Wildlife Reserve using forest inventory and 

geospatial approach to develop a model based on the statistical correlation between biomass measured at plot 

level and the associated spectral characteristics. Singh et al. (2014) have used recent freely available satellite 

data of Landsat-8 for assessing the land use pattern and their spatial variation of Orr watershed Ashok Nagar 

district, M.P., India. An attempt is made in this study to map out the status of land use/cover of one of 

the development blocks of the Uttarakhand state, viz., Hawalbagh block of District Almora in view to 

detect the land consumption rate and the changes that has taken place during the last two decades using 

geospatial techniques.  
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OBJECTIVES 

The objectives of present discussion are inclusive of the following: 

 Availing decadal satellite images of Mahanadi river basin;

 Image classification using software tools; and

 Land use/Land cover change detection over decades.

STUDY AREA 

The study area Mahanadi river basin is one of the major river basins in India situated on the east coast of India. 

The Mahanadi River originates in Dhamtari district of Chhattisgarh, India, and after travelling a distance of 

851 km, meets the Bay of Bengal (India-WRIS, 2016).  The mighty and great river Mahanadi is a lifeline for 

the people of Chhattisgarh and Odisha. The Mahanadi basin extends over an area of 135,589𝑘𝑚2, which

represents 4.3% of the total geographical area of the country (India-WRIS, 2016). A major portion of the 

Mahanadi River basin is covered in two states Odisha (48.6%) and Chhattisgarh (51%) with a meagre portion 

covering the states of Jharkhand (0.45%) and Maharashtra (0.07%). The important uses of the river include 

agriculture, livelihood, industries, fisheries, navigation and tourism. The study area is geographically situated 

between 19.35° N–23.50° N latitude and 80.42° E–86.72° E longitude. Elevation in this area ranges between 

196 and 877 m. The Mahanadi River basin is bounded by the Central India hills in the north, Eastern Ghats in 

the south and east, and by the Maikala range in the west. The climate in this region is dominated by the tropical 

monsoon with a south west monsoon during June and August. Out of the annual rainfall of around 1400 mm, 

more than 85% is contributed by the monsoon whereas the summer season rarely precipitated. This coastal 

region experiences a wide range of temperature with a minimum of 4 °C in winter to a maximum of 48 °C in 

summer.  

The forest- and cropland-dominated landscape has been repetitively facing LU/LC modifications due to 

deforestation, dam constructions (Hirakud Dam 746 km2 is the largest reservoir of Asia), urbanization, mining 

activities, industrialization, and agricultural expansion (Behera et al. 2018).Land use pattern varies from place 

to place across the globe. Different land use and management patterns have significant impacts on water, soil 

and various other natural resources. Land use information can be analyzed to develop better and effective ways 

of natural resources management. Land use land cover data from MODIS LP DAAC Data Pool of USGS Earth 

explorer has been used for this study. 

Fig 1 Study area map downloaded from google. 
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DATA SOURCE 

The required data to prepare the land use land cover map of Mahanadi river basin is collected from satellite 

images for three decades. For the analysis purpose in the present research work, the authors acquired data from 

various sources. Remote Sensing images from the Landsat satellite dated on 30th January 2002, 16th January 

2010 and 30th January 2020 from the USGS (United States Geological Survey) earth explorer.  

RESEARCH METHODOLOGY 

Fig 1 research Framework. 

Fig 1 shows the overview of research methodology adopted in ArcGIS software. All the input data for the 

ArcGIS is downloaded from USGS (United States Geological Survey) Earth Explorer website.  

Following is a step-by-step method for acquiring images:  

Step 1: Log in to earthexplorer.usgs.gov. 

Step 2: in the ‘Enter search criteria’ tab, add the name of place i.e. Mahanadi river basin, India.  

Step 3: Insert Data range from 1/1/2002 to 01/01/2020 and hit Datasets button.  

Step 4: in ‘Select your Dataset(s)’ tab, select MCD12Q1 under Landsat archive and hit results button. 

Step 5: Download the data from the available results. 
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The downloaded data are incorporated with the catchment boundary of Mahanadi river basin shape file to 

get the required study area shape. The authors have used geographical information system (GIS) is used to 

prepare the land use map of each decades. The output file of GIS is provided below. From the pictures, the 

change in land use is visibly observed, however, to obtain the extent regarding area needs to perform an 

analysis. Land use maps which are shown as below are classified using ‘Unsupervised image classification’ 

techniques. The process groups the pixels of images to represent a land use/land cover feature. Broadly, 

these features could be any of urban, built up, vacant land, vegetation and so on based. One can extract 

the features as per the requirement.  

RESULTS AND DISCUSSION 

The maps were created from classification of spectro-temporal features derived of data from the Moderate 

Resolution Imaging Spectro radiometer (MODIS). The MODIS Land Cover Type Product (MCD12Q1) 

supplies global maps of land cover at annual time steps and 500-m spatial resolution for 2001-present. The 

below mentioned table is used for the classification of the land use data in ArcGIS platform. By the help of 

this three land use maps have been prepared for the year 2002, 2010 and 2020 for the Mahanadi river basin. 

All the three maps are presented below. 

Table 1 MCD12Q1 International Geosphere-Biosphere Programme (IGBP) legend and class 

descriptions. 

Name Value Description 

Evergreen Needle leaf Forests 1 Dominated by evergreen conifer trees 
(canopy >2m). Tree cover >60%. 

Evergreen Broadleaf Forests 2 Dominated by evergreen broadleaf and 
palmate trees (canopy >2m). Tree cover 

>60%.

Deciduous Needle leaf Forests 3 Dominated by deciduous needle leaf (larch) 
trees (canopy >2m). Tree cover >60%. 

Deciduous Broadleaf Forests 4 Dominated by deciduous broadleaf trees 
(canopy >2m). Tree cover >60%. 

Mixed Forests 5 Dominated by neither deciduous nor 
evergreen (40-60% of each) tree type 
(canopy >2m). Tree cover >60%. 

Closed Shrublands 6 Dominated by woody perennials (1-2m 
height) >60% cover. 

Open Shrublands 7 Dominated by woody perennials (1-2m 
height) 10-60% cover. 

Woody Savannas 8 Tree cover 30-60% (canopy >2m). 

Savannas 9 Tree cover 10-30% (canopy >2m). 

Grasslands 10 Dominated by herbaceous annuals (<2m). 

Permanent Wetlands 11 Permanently inundated lands with 30-
60% water cover and >10% vegetated 

cover. 

Croplands 12 At least 60% of area is cultivated 

cropland. 

Urban and Built-up Lands 13 At least 30% impervious surface area 
including building materials, asphalt. 
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Cropland/Natural Vegetation 
Mo- saics 

14 Mosaics of small-scale cultivation 40-60% 
with natural tree, shrub, or herbaceous 

vegetation. 

Permanent Snow and Ice 15 At least 60% of area is covered by snow 
and ice for at least 10 months of the year. 

Barren 16 At least 60% of area is non-vegetated 
barren (sand, rock, soil) areas with less 
than 10% veg- etation. 

Water Bodies 17 At least 60% of area is covered by 
permanent wa- ter bodies. 

Fig 2 Land use map of 2002 

Fig 2 represents the land use land cover map of Mahanadi river basin in the year 2002. The land use land cover 

data according to MODIS LP DAAC has been followed and highlights 17 land use classes as per MODIS LP 

DAAC out of which only 14 classes are present for the Mahanadi river basin as per the satellite data. All the 

classes are presented in the within map of the river basin shape file. Out of these 17 classes mentioned in table 

no 1 the Deciduous Needle leaf Forests Closed Shrublands and Permanent Snow and Ice, these 3 

classes found absent in the Mahanadi river basin. The Mahanadi river basin covers around 

135527.9733𝑘𝑚2 and the land use of this total area for the year 2002 is presented in table no2. The areas of

each land use classes is calculated in ArcGIS software by multiplying with the each cell size and count and 

that is divided by 106 to convert it in to 𝑘𝑚2and the total area is found to be around 135527.9733𝑘𝑚2.
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Table 2– Land use data of Mahanadi river basin of classes in the year 2002 

OID Value Count Feature class area 

0 1 1 Evergreen Needle leaf Forests 0.214659 

1 2 3838 Evergreen Broadleaf Forests 823.859988 

2 4 50716 Deciduous Broadleaf Forests 10886.62927 

3 5 26233 Mixed Forests 5631.140976 

4 7 340 Open Shrublands 72.983949 

5 8 26295 Woody Savannas 5644.449814 

6 9 49275 Savannas 10577.30613 

7 10 52839 Grasslands 11342.34964 

8 11 386 Permanent Wetlands 82.858248 

9 12 412817 Croplands 88614.74952 

10 13 2534 Urban and Built-up Lands 543.945078 

11 14 2021 Cropland/Natural Vegetation 433.825179 

12 16 1142 Barren 245.140205 

13 17 2928 Water Bodies 628.520595 

Total area 135527.9733 

Fig 3 Land use map of 2010 

The above map represents the LULC map of the Mahanadi river basin in 2010. The changes in the year 2010 

with respect to the year 2002 is shown in the table 3. 
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Table 3 – Land use data of Mahanadi river basin of classes in the year 2010 

OID Value Count Feature class Area Compared to 

2002 

0 1 1 Evergreen Needle leaf Forests 0.214659 No change 

1 2 3805 Evergreen Broadleaf Forests 816.776252 decrease 

2 4 61535 Deciduous Broadleaf Forests 13209.02146 increase 

3 5 34520 Mixed Forests 7410.017401 increase 

4 7 330 Open Shrublands 70.837362 decrease 

5 8 27198 Woody Savannas 5838.286596 increase 

6 9 40147 Savannas 8617.901756 decrease 

7 10 45554 Grasslands 9778.561202 decrease 

8 11 555 Permanent Wetlands 119.135564 increase 

9 12 407846 Croplands 87547.68126 decrease 

10 13 2651 Urban and Built-up Lands 569.060143 increase 

11 14 3062 Cropland/Natural Vegetation 657.284858 increase 

12 16 1093 Barren 234.62193 increase 

13 17 3068 Water Bodies 658.57281 increase 

Total area 135527.9733 

Table 3 is the details of changes in LULC pattern of Mahanadi river basin during 2002-2010. The area of each 

land use classes is calculated in ArcGIS 10.3 software by multiplying the each cell size with the no of count 

and divided by 1000000 to convert it in to km2, and at the end the total area for the above river basin is found 

to be 135527.9733km2 from which each LULC classes were determined.  During 2002-2010 the 8 classes 

namely Deciduous Broadleaf Forests, Mixed Forests, Woody Savannas, Permanent Wetlands, Urban and 

Built-up Lands, Cropland/Natural Vegetation, Barren, Water Bodies have been increased over the years and 5 

classes namely Evergreen Broadleaf Forests, Open Shrublands, Savannas, Grasslands, Croplands have 

decreased in these years which is as per the study of MODIS LP DAAC satellite data. 
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Fig 4 Land use map of 2020 

The above map represents the LULC map of the Mahanadi river basin in 2020. The changes in the year 2020 

with respect to the year 2010 is shown in the table 4. 

Table 4 – Land use data of Mahanadi river basin of classes in the year 2020 

OID Value Count Feature class Area Compared 

to 2010 

0 1 4 Evergreen Needle leaf Forests 0.858635 increase 

1 2 3452 Evergreen Broadleaf Forests 741.00174 decrease 

2 4 58964 Deciduous Broadleaf Forests 12657.13401 decrease 

3 5 34595 Mixed Forests 7426.116802 decrease 

4 7 301 Open Shrublands 64.612261 decrease 

5 8 21493 Woody Savannas 4613.658865 decrease 

6 9 48169 Savannas 10339.89363 increase 

7 10 40919 Grasslands 8783.618252 decrease 

8 11 835 Permanent Wetlands 179.239992 increase 

9 12 412221 Croplands 88486.81295 increase 

10 13 2768 Urban and Built-up Lands 594.175208 increase 

11 14 3763 Cropland/Natural Vegetation 807.760588 increase 

12 16 785 Barren 168.507059 decrease 

13 17 3096 Water Bodies 664.583252 increase 

Total area 135527.9733 
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Table 4 represents the detail of land use cover in 2020 and the increase decrease trend of Mahanadi river 

basin of each land use classes as per MODIS LP DAAC satellite data. Table 4 shows that out of 14 LULC 

classes 7 classes namely as Evergreen Needle leaf Forests, Savannas, Permanent Wetlands, Croplands, 

Urban and Built-up Lands, Cropland/Natural Vegetation, Water Bodies have increased in over the years 

and rest 7 classes namely Evergreen Broadleaf Forests Deciduous Broadleaf Forests Mixed Forests Open 

Shrublands Woody Savannas Grasslands Barren have decreased over the years from 2010. 

CONCLUDING REMARKS 

This paper focuses on LU/LC changes in Mahanadi river basin, Odisha, India, using remote sensing data and 

GIS technology. Our results clearly show that LU/LC changes were significant during the period from 2002 

to 2020. There is significant expansion of built-up area noticed. On the other hand there is decrease in 

Barren land and forest areas. This study clearly figure out the significant impact of population and its 

development activities on LU/LC change. This study proves that integration of GIS and remote sensing 

technologies is effective tool for urban planning and management. The quantification of LU/LC changes of 

Mahanadi river basin is very useful for watershed management and environmental management. This work 

may also be used as a source of information for land use land cover for the Mahanadi river basin and can be 

analyzed to develop better and effective ways of natural resources management. 
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Abstract 

Ganga River is one of the major rivers of the Indian subcontinent. It is a lifeline to the people who reside 

along the bank of the river. It is also considered as the most sacred river and worshiped as a goddess by 

people. Ganga River is an alluvial river and morphological changes has been a common phenomenon. 
During 1975–2019, river has undergone considerable changes in its morphology due to natural and 

manmade interference and shifted from its original course causing major loss of agricultural land. 

Therefore, study of morphological changes is very important to understand the behavior of the river. In 
this study, morphological changes of river Ganga from Patna to Mokama during 1975 to 2019 has been 

studied using satellite imageries and ARC-GIS Technique. This area is highly populated and major 

populations of this area reside near the bank of river Ganga. Shifting of river bank put these areas under 
risk of submergence in flood seasons. Morphological parameters such as sinuosity, braiding index, 

braiding ratio, Braid-Water ratio, area of island area, water covered area have been computed over the 

periods of 40 years, at an interval of 5 years and analyzed. The results indicate that river is sinuous and 

braided in nature and the left bank is more susceptible to the erosion and deposition as compared to the 
right bank. The variations in the morphological parameters are significant due to varying erosion and 

accretion rates during the period of study.  

Keywords: ArcGIS, river Ganga, Morphology, Braiding Index, and Sinuosity Index. 

1. Introduction

The River has been playing an important role in the development of any civilization. Peoples have been 
living along the river banks for quite a long time for the fulfillment of their needs but nowadays due to 

human and natural interference, frequent changes in course of the river has been observed, which caused 

loss of major agricultural lands. River morphology is the study of changes in its plan forms, shape and 

cross section. River morphology changes because of erosion and sedimentation (Yeasmin and Islam, 
2011). Hence, it is essential to understand the temporal and spatial changes in river morphology. River 

Gandak is an important tributary of the Ganga, which joins from left side/north of the river, just 

upstream of the study reach, which carries huge sediments from Himalayan regions of Nepal and 
deposited on their beds and some sediments are also carried to the River Ganga, increases the sediment 

loads and deposited on the bed and sometimes form the islands. Few small tributaries are also joining 

from right side of the river. Several islands, sandbars and multiple channels have been formed and 

erosion and depositions have also been taken place. Bankline has also been shifted. Evolution of these 
islands and sandbars poses many problems on the river channel, river bed, embankments, ecosystem, 

biological communities, human activities on the islands and flow of the river (Liu et al. 2014). The 

morphology of the river changes in space and time, thus the study of morphological changes is very 
important.  

Several researchers have studied the morphology of the river (Sinha and Ghosh 2012; Hossain et al. 
2013; Chakraborty and Mukhopadhayay 2015; Debnath et al. 2017; Akhter et al. 2019). Some 

researchers found that the changes in flow, morphology, migration of rivers, erosion and deposition of 
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bank etc. significantly affect the islands and sandbars along with river channel and banks (Dutta et al. 
Raslan and Salama 2015; Shi et al. 2017; Sun et al. 2018; Prashnani et al. 2019). Some researchers have 

studied the physical characteristics, migrating nature and erosion/bank collapse hazards of the Ganga 

river (Laha and Bandyapadhyay 2013; Mitra 2015; Nigam et al. 2016; Mandal 2017; Rahman and 

Rahaman 2018; Kumari et al. 2019).  

Flood plain is affected by flood almost every year and planform changes every year. Changing course 

of the river erode agricultural land, dwelling area of population, and also became a subject of dispute 
due to administrative boundary variation (Thakur, 2014). Floods are the major driver of river dynamics 

and morphological changes (Jain et al. 2012). The impacts of flood and temporal changes in planform 

remain unclear for the Ganga River. The uncertainty of morphological changes is one of the reasons of 
this study. River Ganga is large alluvium river it needs regular monitoring of its dynamic behavior to 

understand the pattern of changes. It is also important to study its severity in terms of impact on the 

areas, so that the concerned persons and authorities can take preventive measures. 

Morphological parameters such as Sinuosity (P) and Braiding Index (BI) are most important parameters 

for analyzing the meandering. The river in India show many transitions between braided and 

meandering. Classification of river has been made on the basis of sinuosity suggested by Maurya and 
Yadav (2016). Rivers with sinuosity value less than 1.05 is called straight whereas its value greater than 

1.5 is considered as meandering channel. River with sinuosity greater than 1.05 and less than 1.5 is 

considered as sinuous river and if river having sinuosity index greater than 2 it is considered as braided 
river. River with braiding index less than 1.5 represent non-braided river and if more than 1.5 represent 

braided river. 

The objective of this study is to study the morphological changes of River Ganga from Patna to Mokama 
during 1975 to 2019 using remote sensing and GIS. This study is focused on quantifying morphological 

changes in-terms of sinuosity, braiding index, braiding ratio, area of island, B-W ratio over the periods 

of more than 40 years. Further, the possible relationships between different morphological parameters 
have also been studied. 

2. Study Area

The study area is 90 km long stretch of River Ganga from Patna to Mokama in Bihar as shown in Figure 

1. It is located between 25˚36’45” N to 25˚23’23” N latitude and 85˚09’31” E to 85˚55’08” E longitude.
The length of Ganga River in Bihar state is 445 km (Sanghi and Kaushal 2014). The minimum river

width varies in between 511.9m and 729.9 m. The maximum river width varies in between 10.55 km

and 13.172 km.
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Figure 1: Study area: The Ganga river from Patna to Mokama (Source: Google earth pro) 

3. Methodology

Satellite image of river Ganga between from Patna to Mokama is downloaded from website of USGS 

from the year 1975 to 2019 at the interval of five years. In this study, MSS, TM and ETM+ Images of 
USGS website were used. Satellite imageries of months February-March has been selected for study 

because water level in the river is almost stable and constant. Satellite image was already Geo 

referenced. Correction has been made in the image wherever it is required. For getting land water 
boundaries composite of band 4, band 5 and band 3 were selected followed by mosaic of the images 

and river shape extraction. Clipping of extracted river was done. Supervised classification was also 

done to get polygon, which was converted into poly line. On-screen digitization and editing was made 

to obtain centerline and bank line of river.  

3.1 Sinuosity Index (P): The ratio of stream length to valley length is sinuosity. Equation (1) given by 

Friend and Sinha (1993) is used for computation of sinuosity.    

Sinuosity (P) =
Lcmax

Lr
  (1) 

Where 𝐿𝑐𝑚𝑎𝑥  mid channel length of river is taken for single channel river and if there is more than one 

channel then mid channel length of widest channel is considered and Lr is the shortest length between 

starting point and ending point.  

3.2 Braiding index (BI): The equation given by Brice (1964) used for braiding index (BI) defined as 

follows: 

𝐵𝐼 = 2
(∑ 𝐿𝑖)

𝐿𝑡
(2) 

Where, ∑Li is the length of all the islands and/or bars in the reach, and Lt is the length of the reach 

measured midway between the banks of the channel. If BI is less than 1.50, the river is not braided and 
If BI is greater than equal to 1.50 the river is braided. 

3.3 Braiding ratio (BR): Braiding ratio is computed by using equation (3) given below 
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𝐵𝑅 =
𝐴𝑏𝑖

𝐴𝑡𝑐
(3) 

Where,  𝐴𝑏𝑖  is total area of islands and bars in a channel and 𝐴𝑡𝑐  is total area of that channel. 

3.4 B-W ratio: B-W ratio is the ratio of bar covered area (B) and water covered area (W). 

𝐵 − 𝑊 𝑟𝑎𝑡𝑖𝑜 =
𝐵

𝑊
                                                        (4)

For B-W ratio <1 channel is single thread and if B-W ratio >1 then multi thread channel 

Flowchart of the methodology has been presented in Figure 2. 

Figure 2: Flow chart of the methodology

4. Results and Discussion

4.1 Calculation of Sinuosity (P) and Braiding Index (BI) 

Table 1 presents the computed value of the mid channel length, shortest length, total length of bar, 

length of bar measured midway of the channel, sinuosity index (P) and Braiding Index (BI) from the 

Geo-referencing composite and Mosaicking of 

Landsat images

Extraction of river shape from mosaic Landsat images 

and clipping the study area  

Digitization of River bank line and centerline each year

Calculation of sinuosity (P), braiding index (BI), 

braiding ratio (BR), Area of island, B-W ratio.

              Satellite    Imageries

(1975 -2019)
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year 1975 to 2019 at an interval of five years. Sinuosity Index (P) varies from 1.18 to 1.29 having lowest 
values in the year 2000 and the highest values in the year 1989. The braiding index value varies from 

1.27 to 2.56 having lowest values in the year 1975 and the highest values in the year 2000.  

Table 1 Computation of Sinuosity Index and Braiding Index 

Figure 3 presents the variation of Sinuosity Index (P) of River Ganga from Patna to Mokama during 

1975 to 2019. Sinuosity value is in between 1.05 to 1.5 so river is Sinuous in nature. 

Figure 3 Variation of Sinuosity Index of River Ganga from Patna to Mokama 

Figure 4 presents the variation of Braiding Index (BI) of River Ganga from Patna to Mokama during 

1975 to 2019. Braiding Index value in 1975 is less than 1.5, thus river is non-braided and in between 

1980 to 2019, it values are more than 1.5, so river is braided in character. 
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length (km) 

Total 
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Bar (km) 

Length of 

River (km) 

Sinuosity 

Index (P) 

Braiding 

Index (BI) 

1975 120.19 100.39 73.28 115.31 1.19 1.27 

1980 123.93 99.17 99.82 115.02 1.24 1.73 

1989 129.08 99.96 134.39 114.74 1.29 2.34 

1995 125.44 99.73 110.43 109.18 1.25 2.02 

2000 114.83 96.85 137.89 106.92 1.18 2.56 

2005 116.75 97.19 105.63 107.97 1.20 1.95 

2010 119.41 97.11 114.76 109.11 1.22 2.10 

2015 119.86 97.15 132.15 107.60 1.23 2.45 

2019 119.71 97.04 128.93 110.47 1.24 2.33 
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Figure 4 Variation of Braiding Index (BI) of River Ganga from Patna to Mokama during 1975 to 2019. 

4.2 Calculation of total channel area, total area of island, water covered area, B-W ratio and 

Braiding Ratio (BR) 

Table 2 presented the computed value of braiding index, total channel area, total island area (sq.km), 
water covered area, B-W ratio and braiding ratio (BR). The maximum area of island is 481.5 km2 in the 

year 1989 and minimum area is 292.6 km2 in the year 1975. The lowest B-W ratio is 2.03 in 1975 and 

highest B-W ratio is 3.79 in 1989 its value. Since the B-W ratio is more than unity, so river flowing in 

multi-thread. The lowest value of braiding ratio is 0.67 in the year 1975 and highest value is 0.79 in the 
year 1989.  

Table 2 Variation of Braiding Index, total channel area, total island area, Water covered area, B-W ratio 
and Braiding Ratio 

Year Total channel 

Area (km2) 

Total area of islands 

and bars (km2) 

Water covered 

area (km2) 

B-W

ratio

Braiding Ratio 

(BR) 

1975 436.625 292.639 143.986 2.03 0.670 

1980 448.336 305.524 142.812 2.13 0.681 

1989 608.399 481.543 126.856 3.79 0.791 

1995 508.629 384.456 124.169 3.09 0.755 

2000 497.78 372.71 125.27 2.97 0.748 

2005 423.897 314.186 109.711 2.86 0.741 

2010 469.640 343.60 126.04 2.72 0.731 

2015 575.184 433.470 141.714 3.05 0.753 

2019 552.993 412.697 140.296 2.94 0.746 

Figure 5 presents the relationship between island area and braiding index. The linear relationship shows, 
Y=118.98 X + 123.17 and with R2 = 0.5699. This shows that there is no good relationship between Area 

of island and braiding index. 
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Figure 5 Relationship between braiding index and river island area 

Figure 6 presents the relationship between Braiding Ratio and Sinuosity. The linear relationship has 

been established. The value of R2 is 0.34, which is shows no good correlation. 

Figure 6 Relationship between braiding ratio with sinuosity 

Figure 7 shows the relationship between Sinuosity with B-W ratio. The linear relationship has been 
established. The value of R2 is 0.34. 

Figure 7 Relationship between Sinuosity with B-W ratio 

Figure 8 presents the relationship between braiding index with B-W ratio. The linear relationship has 

been established. The value of R2 values 0.54. 
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Figure 8 Relationship between braiding index with B-W ratio 

4.3 Analysis of results 

4.3.1 Changes during 1975 to 1989 

The values the sinuosity index are 1.19, 1.24 and 1.29 in year 1975, 1980 and 1989, respectively. The 

values of braiding index are 1.27, 1.73 and 2.34 in year 1975, 1980 and 1989, respectively. Sinuosity 

value is in between 1.05 to 1.5 this shows that river is sinuous in nature. Braiding Index values are more 
than 1.5 in since 1980 this shows that river is braided in nature. B-W ratio in this reach is more than 1 

this means river is in multi thread. B-W ratio value is increasing over year. Braiding Ratio (BR) in this 

river reach is increasing with time. This depicts that the river water carrying capacity is decreasing with 
time and area of island or bar is increasing over time. Island area in this reach is increasing over time 

from 292.64 km2 in 1975 to 481.54 km2 in 1989. This increase is 64.55 percent in 1975 to 1989.  Water 

covered area in this river is decreasing over time from 143.98 km2 in 1975 to 126.85 km2 in 1989. This 
decrease is 11.89 percent. While total channel area is increasing over time from 436.625sq.km in 1975 

to 608.399 in 1989. This increase is 39.34 percent. These results show that river morphology is changing 

with time. 

4.3.2 Changes during 1989 to 2000 

The sinuosity is decreasing from 1.29 to 1.18. The values of braiding index are 2.34, 2.02, 2.57 in the 
year 1989, 1995, 2000, respectively. The braiding index values are more than 1.5, so river is braided in 

character. This shows that river is sinuous and braided in nature. B-W ratio is more than 1, so river 

flows in multi thread. The braiding ratio value is decreasing from 0.79 to 0.74. The island area is also 

decreasing from 481.54 to 372.51 km2, this decrease is 22.64 percent. The total channel area is 
decreased from 608.39 to 497.78 km2, this decrease is 18.16 percent. These result show that river 

morphology is changing with time. 

4.3.3 Changes during 2005 to 2015 

The values of sinuosity are 1.20, 1.22 and 1.23 in years 2005, 2010 and 2015, respectively. The values 
of braiding index are 1.95, 2.10 and 2.45 in year 2005, 2010 and 2015, respectively. Sinuosity value is 

in between 1.05 to 1.5 the river is sinuous in nature. Braiding index value is more than 1.5 this represent 

river is braided in character. B-W ratio is more than 1, this means river is in multi thread. B-W ratio 

value varies from 2.86 to 3.05, this means water covered area is very less as compared to island area. 
Braiding Ratio (BR) is increasing with time. This reveals that river water carrying capacity is decreasing 

with time and area of island or bar is increasing over time. B-W ratio value is increased over the time. 

Island area is increasing over time from 314.18 km2 in 2005 to 433.47 km2 in 2015. This increase is 
37.96 percent in 2005 to 2015. Water covered area is also increasing over time from 109.71 in 2005 to 

141.71 km2 in 2015. This increase is 29.17 percent. Total channel area is increasing over time from 

423.89 in 2005 to 575.18 km2 in 2015. This increase is 35.68 percent. These results show that river 
morphology is changing with time. 
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4.3.4 Changes during 2015 to 2019 

The values of sinuosity are 1.23 and 1.23 in the years 2015 and 2019, respectively. The values of 

braiding index are 2.45 and 2.33 in the years 2015 and 2019, respectively. The river is multi thread in 
nature because B-W ratio is more than one. The river is sinuous in nature because sinuosity value varies 

from 1.05 to 1.5. The river is braided in character because braiding index more than 1.5. The area of 

island has decreased from 433.47 to 412.7 km2, it is 4.8 percent. The total channel area has also 
decreased from 575.18 to 552.99 km2, it is 3.85 percent. The braiding ratio has decreased from 0.75 to 

0.75. These results show that river morphology is changing with time. 

5. Conclusions

Remote sensing and GIS is the convenient and effective tool for studying morphological changes of 

rivers.  The morphological changes of river Ganga from Patna to Mokama during 1975 to 2019 have 

been studied using the Landsat data and ArcGIS 10.3 version. The morphological parameters- Sinuosity 

(SI), Braiding Index (BI), Area of Island (AI), Channel Area (CA), Braiding Ratio (BR), B-W ratio 
have been computed and analyzed. It was found that the value of Sinuosity varies from 1.18 to 1.29, 

Braiding Index varies from 1.27 to 2.56, and Island area varies from 292.64 to 481.54 km2. Braiding 

ratio varies from 0.67 to 0.79 and B-W ratio varies from 2.03 to 3.79. Further the relationships have 
been developed between BI and AI, SI and BR, SI and B-W Ratio and BI and B-W Ratio with the 

squared values of correlation coefficient equals to 0.57, 0.34, 0.34, and 0.54, respectively. The 

relationship between SI and BI shows poor, which cannot be considered, but rest of the relationships 
are good. It can be concluded that the river Ganga from Patna to Mokama is sinuous and braided nature. 

BR ratios shows that the Island area increases during the study period. B-W ratio also shows that the 

river has multiple channels. 
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Abstract 

      Air temperature is one of the crucial Meteorological parameters to determine the variability of 

climate of that region.  It is an index of climate change determination. Several meteorological data 

collected at the different Observatories / Meteorological stations are used for analysis of air temperature. 

The data are collected at coastal and inland regions of India. The analysis of air temperature data is 

useful for setting up of   Atomic Power Plant by NPCIL, the results in the form of report is useful for 

preparing guidelines and design of setting up of Atomic Power Plants 

    The authors of this paper reviewed and analyzed the temperature data for a period of past forty years. 

The data collected at Meteorological stations at Kanyakumari, Kalingpatnam, and Bhavnagar are 

Coastal sites while at Mandla, Hissar, Shivpuri and Bansawara are inland sites.  The analysis of the data 

is useful for various studies. The data in this paper are analysis and processed decade wise.  The trends 

in each decade is noted.  Air temperature in different processed parameters such as average maximum, 

average minimum is computed and plotted as histograms. All these site areas showed considerable trend 

in change of air temperature.  

  This aspect could be considered in the direction of climate change determination, the 

methodology and results of the study is discussed in detailed in this article. 

  Key words: Meteorological data analysis, climate change, 

1. Introduction

India is the tropical country and have various types of geographical regions. The seasons during the 

year in India are divided into three categories viz June to September , is South West monsoon, October 

to January is North West monsoon and from month of February to May is fair weather season.  . 

Currently, Temperature plays a major role in detecting climate change brought about by urbanisation 

and industrialisation. The prediction of climate change  is  impossible   because  of   the   uncertainty   

involved. Most climatic impact studies rely on changes in the average  values  of  meteorological  

variables  such  as  temperature.  The   article  attempts  to  study  the  temporal  changes  in  the  mean  

value  of  the  air  surface  temperature. The data used in this study were taken from the Observatory / 

Meteorological station because they are of are good quality,  there  are  extensive  records  and there 

is little missing or blank data. The climate change due to global warming is mainly due to increasing 

trade in air temperature. The variation in trade of air temperature (whether short-term or long-term) 

depends upon the geographical regions viz coastal and inland region. Changes in the air temperature 

depends upon the position and geographical location in the region. It is very important to understand 

the dynamics of air temperature and the subsequent meteorological parameters for accessing the 

climate change. To access long term change in trade, a daily maximum and minimum air temperature 

data over a years together for  decayed are essentially analysed. Quantitative analysis of change in air 

temperature over a  different timescales is very important in understanding and establishing the 

processes of climate change. Historical Trend Analysis (HTA henceforth) is, therefore, one of the key 

approaches used in the analysis of change over historical (decade to century) timescales. This ‘bottom-

up’ approach is used to identify past behaviour in order to predict future trends. The focus of this article 

is the application of HTA to analyses changes in air temperature.  Air meteorological data compiled 

over the last many decades indicates that the earth is warming. There are substantial differences of air 
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temperature at regional levels, particularly coastal and inland region. There is an asymmetry in the 

temperature trends during daytime and nighttime all over India. Air temperature is time and spatial 

oriented and depends on physical factors such as land masses, water masses like reservoirs, seas, rivers 

and oceans as well as geographical location. Air temperature affects other weather parameters viz. rate 

of evaporation, relative humidity, precipitation, wind speed with its direction.  In this article, the air 

temperature data collected at six metrological station situated at coastal and inland region were 

analyzed.  Kalinpatnam, Andra Pradesh   Kanyakumari, Tamilnadu and Bhavnagar Gujarat are located 

at coastal regions while Observatory at Mandla, Madhya Pradesh, Shivpuri, Madhya Pradesh and 

Banswada, Rajasthan are at inland region. All these sites are representing different regions and 

different basic geographical characteristics. The climatic studies over these regions are showing 

significant change in the trend of air temperature. Past forty years of air temperature data are analyzed 

decayed wise to asses and compare the change in temperature at inland and coastal region. The data 

consider for analysis were collected from the year 1969.  

2. METHODOLOGY AND DATA ANALYSIS

2.1 study area
      The locations of the Metrological stations where data has been collected for the study purpose is 

shown in the google Map, particularly Indian region Fig 1. These metrological stations are representing 

the climate scenario of the respective regions. Three metrological station are situated along the coastal 

regions while another three are at inland region. Everyone from basic science knows the peculiarity of 

the environment of coastal region and inland region. Ocean takes much longer to heat and to cool than 

the land being of water body has a higher heat capacity than soil and rock. Coastal areas will generally 

have more moderate temperatures than inland areas because of the heat capacity of the ocean. Heat 

capacity is the amount of energy required to raise the temperature of a substance by 1°C. water has a 

higher heat capacity than sand. Similarly, larger bodies of water have higher heat capacities than smaller 

bodies. It is well known fact that every day the land heats much faster than the sea, and every night the 

land cools faster. When the land heats up, the air above it heats up as well. On the other hand, the ocean 

heats up and cools down relatively slowly. Therefore, areas near the ocean generally stay cooler during 

the day and have a more moderate temperature range than inland areas. It is very essential to do a 

comparative studies on the trend of air temperature at both coastal and inland region based on historical 

data. The data collected at site Kanyakumari , Kalingpatnam, and Bhavnagar are coastal sites while 

Banswada , Shivpuri, Mandala are inland site. In case of inland site, its geographical locations are very 

important to study the environmental / meteorological  parameters. Through study completion of 

location of the station and surrounding climate is key factor for the analysis of the data. Brief location 

of various meteorological stations along with their geographical co-ordinates and some characteristics 

of the regions are as described as below: 

 Kanyakumari, in Tamilnadu state is located at 8 0 5´N and 77 0 32I E at East coast of India is six meter 

above the sea level and is close to the Equator and has a tropical climate. The site is located near the 

Gulf of Manner. 

Kalingpatnam, in Andhra Pradesh state is located at 18 0 20I N and 84 0 08I E is at East coast of India. 

The climate of the coastal Shrikkaculam district of coastal Andhra Pradesh region is characterized by 

oppressive summer. The air is generally humid throw-out the year in the interior of the district.    

Bhavnagar, in Gujrat state is located at 21 045I N and 72 011I E is at West coast of India and Coastal 

region of Gujrat. The climate of this region is characterized by hot summer and general dryness.   

 Banswada, in Rajasthan state is located at 23 033I  N and 74 027I E and has a hot climate being near 

desert region. 

Shivpuri, in Madhya Pradesh state is located at 25020I N and 77039I E is characterized by a hot summer 

and dryness except in SW monsoon Season 

Mandla, in Madhya Pradesh state is located at 220 35I N and 800 22I E. The climate of Mandla is 

characterized by hot summer Season and general dryness except in the SW monsoon Season. The 

climate in the month of December and January is the coldest during these months. There is steady 

increase of temperature after February. Climate in the month of May is the hottest.  
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Fig 1. Google Map showing locations of  Metrological stations 

2.2 Methodology  

Data observed at six meteorological station has been utilized for the processing and analysis for the 

respective sites. The available data are for the period of the year 1969-2009. Mean values of daily 

maximum air temperatures and daily minimum air temperatures is consider for analysis. Average of 

maximum daily air temperature and average of minimum daily air temperature is considered for 

calculating monthly average maximum air temperature and monthly average minimum air temperature. 

Similarly, averages of every month in a year is calculated and the average value of all the twelve value 

are referred to as yearly average maximum air temperature and yearly average minimum air 

temperature.  Average of ten successive years is consider for decade to compare the trend of maximum 

and minimum air temperature at different site located at coastal region and inland region. Four decades 

were analyzed to compare the trends of air temperature at different site. Missing data in some decades 

has been taken into account during the process of analysis by averaging techniques. The analyzed data 

is effective to obtain the climatological change in air temperature in the past period. Average 

maximum and average minimum air temperature are the parameters for analysis and the aspect for 

climate change variability. 
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2.3 Data Analysis 

Average maximum and minimum air temperature during the years of respective decade are plotted in 

histogram for four decades.  The change in air temperature during various season in a year can be 

observed by the histograms of various locations. These graphs show at a glance the moving averages 

of maximum and minimum air temperature of every decade. The results of the analysis also presented 

in the tabulated form of the respective locations for numerical comparisons for all sites located at 

coastal and inland region. These graphs shows season wise and decade wise variations  in temperature 

range over a span of forty year period for the respective sites.  This value is computed  by calculating  

the arithmetic mean of trends values in two successive decades.   

Bhavnagar: 

Table1 describes the result of analysis of air temperature which represented in  histograms for  glance 

comparison of the data. Table 1 describes the decadal average maximum and minimum air temperature 

along with highest and lowest recorded air temperature in the span of respective decade.  The uniqueness 

of histogram is ease in comparisons of air temperature either decade wise or seasonal wise. The 

histogram shows the interdecadal variability in trend average maximum and average minimum air 

temperature. However  during the fair weather season (Feb. to May period),  it  is  observed that there 

is clearly increase in  trend in average maximum air  temperature in every decade. The highest maximum 

air temperature occurred was 47.30 C and lowest temperature occurred was 5.10 C during the second and 

first decade respectively.  

Table 1 Analysed and recorded air  temperature(Bhavnagar) 
Bhavnagar Meteorological station 

TABLE
Avg, Max and Avg. Min air temperature Recorded air  temperature 

Decades Avg. max. Avg. min Highest Lowest 

1969- 1978 33.5 20.73 45 5.1 

1979- 1988 33.98 21.38 47.3 6.6 

1989- 1998 33.6 21.95 44.8 7.4 

1999-2009 33.76 21.61 44.7 8.3 

Fig 2 Histogram for avg. max. and  min. air temperature at Bhavnagar 

 Kaligpatnam 

  An increase in trend is observed for maximum and minimum air temperature  during the SW monsoon  

season  for  first two decades while from second decade the tread shows decrease in magnitude of  both  

average maximum and minimum air temperature. NW monsoon season shows an increase in trend in 

maximum and minimum air temperature in first two decades and decrease in trend in third and fourth 

decade. During the fair weather season there is slight decrease trend in average maximum air 

temperature  in every decade . There is an increase trend in min. temp. in first two decades and decrease 

534



in trends next three decade. Highest  maximum  temperature  occurred was 41.60c during first decade 

and third decade while the lowest temp occurred was 10.3 0c during the first decade. 

Table 2 Analysed and recorded air  temperature (Kalingpatnam) 
Kalingpatnam Meteorological station 

TABLE
Avg, Max and Avg. Min air temperature Recorded air  temperature 

Decades Avg. max. Avg. min Highest Lowest 

1969- 1978 31.25 22.69 41.6 10.3 

1979- 1988 31.49 23.57 41.5 11.7 

1989- 1998 31.0 23.47 41.6 12.8 

1999-2003 30.77 23.0 39.8 11.5 

Fig 3 Histogram for avg. min. and avg. max. air temperature at Kaligpatnam 

Kanyakumari 

          Being at the southernmost location of India the climate is humid and tropical. Observations from 

analysis shows interdecadal variability in both average maximum and average minimum air 

temperature. Interdecadal variability in average maximum and average minimum air temperature. In 

the  second decade average maximum air temperature is highest and in the third decade average 

minimum air temperature is highest. Highest temperatures of magnitude 36.8 0c  was occurred  in the 

first and fourth decade and lowest 190c in fourth decade. There is marginal difference is observed in 

average maximum air temperature at Kalingpatnam and Kanyakumari, but however average minimum 

air temperature at Kanyakumari site is bit more than that of Kalingpatnam. Being difference in  

geometrical location, average maximum air temperature is found to be more than that of  

Kanyakumari site. 

Table 3 Analysed and recorded air  temperature (Kanyakumari) 
Kanyakumari Meteorological station 

TABLE
Avg, Max and Avg. Min air temperature Recorded air  temperature 

Decades Avg. max. Avg. min Highest Lowest 

1969- 1978 30.91 24.14 36.8 20.3 

1979- 1988 31.32 24.56 36.6 19.5 

1989- 1998 30.97 24.58 36.3 20.5 

1999-2003 31.11 24.5 36.8 19.0 
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Shivpuri 

   At this inland region site, on  an average the increase trend  in average maximum and minimum air 

temperature  in every season  is observed.  However during the fair weather season the decrease  trend 

in both the temperatures is noted. Highest temperature  and  the lowest temperatures  of magnitude 

45.6 0c and zero degrees (0.0 0c) respectively was occurred  in first decade.  

Table 4 Analysed and recorded air  temperature (Shivpuri) 
Shivpuri Meteorological station 

TABLE
Avg, Max and Avg. Min air temperature Recorded air  temperature 

Decades Avg. max. Avg. min Highest Lowest 

1969- 1978 31.13 16.99 45.6 0 

1979- 1988 31.66 16.98 45.2 0.4 

1989- 1998 31.66 18.51 45.3 1.5 

1999-2006 32.15 18.48 45.3 3 

Fig 4 Histogram for avg. max. and  min. air temperature at Shivpuri 

Banswada 

   At this site  also inter decadal variability is observed.  During  SW monsoon, NW monsoon and fair 

weather season  most of  the trends in average maximum and minimum air temperature  are on  increase 

trend. However from the second decade  to  third decade the decrease in trend of average maximum 

and minimum  air temperature  is notice. Being southernmost part of Rajasthan State it is showing 

milder climate than that of north and northward region of Rajasthan state which is mostly desert area.  

Highest temperature  and  the lowest temperatures  of magnitude 47.5 0c   and 2.8 0c  respectively  was 

occurred  in third decade and first decade respectively. 

Table 5 Analysed and recorded air  temperature (Banswada) 
Banswada  Meteorological station 

TABLE
Avg, Max and Avg. Min air temperature Recorded air  temperature 

Decades Avg. max. Avg. min Highest Lowest 

1969- 1978 33.05 19.76 45.5 2.8 

1979- 1988 33.85 21.19 45.1 8.5 

1989- 1998 33.34 20.03 47.5 4.5 

1999-2003 33.84 20.87 46.4 5 
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Fig 5 Histogram for avg. max. and  min. air temperature at Banswada 

Mandla 

Observing the table 5 of analysis of inland region site of Mandla,  it shows that average maximum air 

temperature is continually increasing decade wise  from first decade to last decade.  It shows decrease 

trend  in  average minimum air temperature from first decade to third  decade, however in the last 

decade increase trend in minimum temperature is noted. Highest temperature  and  the lowest 

temperatures  of 46.8 0c and 1.7 0c respectively  was occurred  in first decade and second  decade 

respectively. 

Table 6 Analysed and recorded air  temperature (Mandla) 
Mandla   Meteorological station 

TABLE
Avg, Max and Avg. Min air temperature Recorded air  temperature 

Decades Avg. max. Avg. min Highest Lowest 

1969- 1978 31.42 17.5 46.8 3.5 

1979- 1988 31.75 16.8 44.0 1.7 

1989- 1998 32.0 16.2 44.6 3 

1999-2006 32.9 17.8 45.0 3.9 

2.3.1 Range  graph 
Fig.6 shows the range histogram for average  maximum and  minimum air temperature for coastal as 

well as inland region sites. For coastal region site, there is marginal difference of temperature range  

between Kanyakumari and Kalingpatnam however for Bhavnagar site, higher magnitude of 

temperature range is observed. For coastal region it is observed that in the last decayed, the evaluated 

range of temperature is  decrease by an amount of 0.5 to 0.7 0c at every site which indicates that there 

is warming in every decade. For inland site the range in every decade shows intervisibility in average 

temperature. As compared to the first decade,  Banswada and Shivpuri site temperature range of is 

slightly on decrease side in the fourth decade. Overall trend of temperature range at Banswada  site as 

found on decrease side. The magnitude of the range is around 130c, lesser than that of other two regions. 

Among the inland sites, it indicates  that  Banswada site is warming more. Shivpuri site range 

magnitude is more than that of  Banswada indicating less warming than that of Banswada. Range 

magnitude of temperature  at  Mandla site  as evaluated is maximum than that of other sites which 

gives the indication of temperate climate and a bit warming at Mandla. The changes in the range may 

be due to local industrialization and deforestation. 
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   Fig 6  Range histogram for avg. max. and  min. air temperature 

The equation for  determining  an approximate decadal trend of average maximum and average 

minimum temperature in the baseline period of years:1969-2009 

        D (1 : 2) + D (2 : 3) + D ( 3 : 4) 

   Avg. trend /decade in 0C =   -----------------------------------------

(  Nd – 1 )         

Where,    

 D (1 : 2)   is the algebraic value of difference between the avg. max./min. air temp. of the first decade 

and the avg. max/ min. air temp. of the second decade based on the analysis of net number of years  

during the respective decade in the direction of increasing trend while D (2 : 3) , D ( 3 : 4) is referred to be 

same as mentioned above  in respect of second and third decade, and between third and fourth decade 

respectively 

Nd :  Number of decades including fractional value of the decade based on considering the net number 

of years in that decade 

 Based on  the inter decadal  variability in avg. max. air temp. / avg. min. air temp. a summary table 7  

 for comparison of analysis of results and trends  evaluated for Coastal and Inland  regions at a glance 

 with respect  to the  first decade  of base line  period (1969-2009) is prepared  

Table 7 Analysed and recorded air  temperature with average trend in air temperature at all sites 
Site  Met. Station Air 

Temp. 

Avg. Max./ Avg. Min. Air Temp. 

decade wise in 0C from (1969-2009) 

Avg. Trend 

(increase) 

in 0C / decade
1 2 3 4 

Coastal  

Sites 

BHAVNAGAR Max. 33.5 33.98 33.6 33.76 0.108 

Min. 20.73 21.38 21.95 21.61 0.38 

KANYAKUMARI Max. 30.91 31.32 30.97 31.11 0.05 

Min. 24.14 24.56 24.58 24.5 0.16 

KALINGPATNAM Max. 31.25 31.49 31.0 30.77 0.104 

Min. 22.69 23.57 23.47 23.0 0.352 

Inland Sites 

BANSWADA Max. 33.05 33.85 33.34 33.84 0.272 

Min. 19.76 21.19 20.03 20.87 0.87 

SHIVPURI Max. 31.13 31.66 31.66 32.15 0.408 

Min. 16.99 16.98 18.51 18.48 0.62 

MANDLA Max. 31.42 31.75 32.0 32.9 0.18 

Min. 17.5 16.8 16.2 17.8 0.06 
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A predicted range of approximate average maximum air temperature and average  minimum air 

temperature expected to rise in next decade (2010-2019) is mentioned in table number 8. 

Table 8  Predicted range of app. avg. maxi. and avg.  mini. air temperature 

Meteorological  Station 
Predicted range of app. avg. maxi. and avg.  mini. air temperature decade 
2010- 2019 

avg.  maxi. air temperature  0C avg.  mini. air temperature 0C 

Bhavnagar 33.8 to 33.9   21.7 to 22.1 

Kanyakumari  31.1 to 31.4 24.4 to    24.8 

Kalingpatnam  30.8 to 30.95 23.25 to  24.4 

Banswada  34.0 to 34.3  21.65 to 21.85 

Shivpuri  33.45 to 33.6 19.0 to  19.2 

Mandala  30. 9 to 31.15 17.75 to 17.9 

3. RESULTS AND DISCUSSIONS

1. The study shows that climate or climate  variability over various  coastal regions in India  may

not have the similar characteristics or trends.

2. Results of the  analysis of Bhavnagar meteorological station data shows decadal moving

averages of average maximum and average minimum air temperature in each decade. The

minimum temperatures over this coastal site indicate an increase trend with increase of 0.380C

per decade  in past 35 years (1969-2003) with respect to the first decade. The analysis further

shows the  more rise in average minimum air temperature during the North West monsoon and

during fair weather season in comparison to the South West monsoon season. Bhavnagar

climate in warming significantly. Gulf of Khambat and Gulf of Kachch has also an influence

over this region

3. At   Kalingpatanam,  it is observed a slight increase / decrease trend in  Avg .Max. Air Temp.

in each decade  It indicates an increase  trend of Appx. 0.24 0C and 0.88 0C in  Avg. Max. and

Avg. Min. respectively in first two decades. From the year 1979 to 2003 i.e in two and half

decades  it indicates a decrease trend of 0.480C and 0.38 0C in  both temp. respectively  However

as a whole a net  trend  computed per decade   which is 0.104 0C and 0.352 0C Avg. Max. Air

Temp. and Avg. Min. Air Temp. respectively. It can be concluded that during the next decade

this climate can vary a bit.

4. From the  data and  linear  analysis of   Kanyakumari  site  the rise trend  in decadal  Avg .Max.

Air Temp. and  Min..Air Temp. is  found  less than that  of Kalingpatnam  and  more less than

that of Bhavnagar. in the baseline period of (1969-2009).  Proximity of sea has influence on

coastal side regions.  This  region has sub-humid and has tropical climate.  In the next  decade

the rise in the temperatures can be with a less difference.

5. The difference between Avg. Max. and Avg. Min. Air Temp.( Range of Temp.) is in the

decrease trend  in case of both Inland and coastal regions .  High value of Avg. Max. Air Temp.

with less value of Temp. range  indicates more warming  by temperature . From graph also,   it

shows that  Bhavnagar site climate  warming is found more than that of other two coastal  sites.

that of Bhavnagar even thou they are coastal areas. Among the inland sites,  it is observed that

Banswada site is on more warming than that of other two sites.

6. Regarding the Inland Regions. It is seen from the graphs of  Banswada analysis  that there is

considerable  rise in Avg. Max. Air Temp. during the  successive decades during the fair

weather season and also rise in Avg. Min. Air Temp. during  SW monsoon and beginning of

NW monsoon season
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Over Shivpuri  site,  It Is observed from the figures and tables that, there Is  also  decadal 

rise In Avg. Max Air Temp., but this  rise is less than that  of Banswada .  site  during the  successive 

decades during the all the seasons.  The range of temperature  is also more than that of Banswada .   

Net warming at Mandla site is found  less than that of Banswada and Shivpuri 

`

 7       It is  observed  from the comparison tables that,  during  of 2 nd decade in all the Met. Stations 

under the study irrespective of Coastal or Inland region the Avg. Max Air Temp of that decade is 

slightly  more  than that of other decades. It can be concluded that the decade 1979-88 was the warmer 

on an average. in the base period 1969-2009. 

      Finally,  by the above results, it is clear that majority of the trends , both seasonal as well as annual 

showed  increasing tendency in averaged temperatures  during past 38-40 years (  baseless period 

1969-2009 ).  The decadal Avg. Max. Air  Temp  has also increased. The  rise in  Avg. Min. Temp. 

during mid Southwest Monsoon  and NW monsoon  season was  found to  be higher than the rise in 

Max. Temp..in summer season over Bhavnagar region.   

CONCLUSIONS :    

         In general, it is seen  from the analysis that,  from extreme North West region of India  towards   

South Eastward  region,  the Avg. Max. Air .Temp.  and warming is on decrease  scale in inland  

regions  The meteorological data analysis performed   in this  study,  also supports  in the line of  

predictability  that,  the climate in India is changing continuously  as observed from the analysis at 

coastal and inland regions, also over the sites of specific regions. .  It is also  confirmed that,  with 

respect  to the  first decade  of base line  period (1969-2009), climate in India has warmed   During the 

next decade also rise trend in averaged temperatures as per  evaluated values given in the table  is 

expected.   Findings over the years based on  the long range data and their analysis indicate seasonal, 

decadal variations in temperature averages. The average temperatures   are projected to rise by over 

one and quarter degrees in next two decades.  The decadal variations and impact of climate change  

may also  affect the rainfall in the longer term 
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Abstract 

Landslides may pose a serious threat to human life and property and can change the natural landscape. Landslides 

are of many types, out of which rainfall-induced shallow landslide is the most common. The increase in heavy 

rainfall can increase the risk of rainfall-induced shallow landslides. Unforeseen climatic conditions in August 

2018 triggered a huge number of landslides in the hilly regions of Kerala which affected thousands of people 

directly or indirectly. It had devastating impacts on the infrastructure. Thus, accurate landslide susceptibility 

assessment is the basic and effective tool for reducing the impacts of such disasters. This study aimed to find a 

suitable method to create the Landslide Susceptibility Map of Idukki district. A numerical model with some 

amount of empiricism viz, Transient Rainfall Infiltration and Grid-Based Regional Slope Stability 

(TRIGRS) is used to create LSM of Idukki district, Kerala, India. TRIGRS model takes spatial variation in 

geologic, geographic, and topographic characteristics and spatial and temporal variation in rainfall. In most cases, 

soil depth maps of large areas is not available. This study tries to find a suitable method to create soil-depth maps 

from Digital Elevation Model (DEM) for running the TRIGRS model for creating the LSM of Idukki district. 

TRIGRS model using the derived soil depth map provided an accuracy of 73.24% (with 41.74% unstable area).  

Keywords: Landslide susceptibility map, Landslide, TRIGRS model 

1. Introduction

Landslides is the perceptible movement of the mass of earth, rock, or debris down a slope under the 

direct influence of gravity. Landslides may pose a serious threat to human life and property and can 

change the natural landscape. Landslides are of many types, out of which shallow landslide is most 

common. Rainfall and infiltration are considered as the main driving force of the shallow landslides 
(Iverson 2000). The shallow landslide is triggered when the infiltrated water reduces matric suction and 

thereby reduces the shear strength of the soil (Kim et al.  2010). In recent years, the shallow landslide 

susceptibility is evaluated by using physically-based approaches (Iverson 2000; Baum et al. 2008). 
These models combine infinite slope stability models with simple infiltration and runoff formulations 

in a geographic information system (GIS) platform. Among them, Transient Rainfall Infiltration and 

Grid-Based Regional Slope Stability (TRIGRS) model, shallow slope stability (SHALSTAB), and 
Stability Index mapping (SINMAP) have given reasonable results in landslide assessment (Viet et al. 

2017).  

In the past two decades, a large number of landslide events occurred in the district of Idukki, Kerala, 
India. Idukki has an area of 4358 km2 and is the second-largest district of Kerala. Rugged mountains 

and forests cover about 97 percent of the total area of the District. As per the survey conducted by the 

Geological Survey of India (Kerala unit), 1169 landslide events have occurred in the Idukki district in 
the last 20 years. Rainfall induced shallow landslides were predominant among the occurred landslides. 

These landslides caused severe damage to the infrastructure of the district. Predicting landslides is a 

solution for reducing the destruction and loss caused by them so that precautionary measures can be 
taken to reduce the ill-effects of the landslides. 

TRIGRS model has proven its capability to identify rainfall-induced shallow landslide (Montrasio et al. 

2011; Park et al.  2013). The current study is meant to create a Landslide Susceptibility Map of a study 
area with a large areal extent using the TRIGRS model. As the soil depth data is difficult to obtain, the 

soil depth is taken as constant throughout the study area in the modelling process using TRIGRS. Some 

researchers directly derived the soil depth map from DEM (Viet et al 2017). This study explored the 
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possibility of using a suitable method to create a soil depth map from DEM and its effect in creating 

LSM 

1.1 TRIGRS 

The (TRIGRS) model was developed by United States Geological Survey (USGS) (Baum et al. 2002; 

Baum et al. 2008). It estimates the transient pore-pressure changes and consequent changes in the factor 

of safety because of infiltration from a rainfall event.  Many investigators from numerous countries 
panning the entire world used the TRIGRS for landslide analyses during the past decade (Liu and Wu 

2008; Baum et al.  2010; Liao et al.  2011; Saadatkhah et al.  2015). 

TRIGRS uses a simplified version of Richard’s equation to estimate the pore pressure response due to 
infiltration and an infinite slope analysis to predict the shallow soil layer during storms. This model 

combines the models for the infiltration, runoff, subsurface flow of storm water, and slope stability to 

predict the stability of slope over a region. The model was developed by using FORTRAN high level 
language. The input data used for the simulation of the time-variant slope stability analysis are time-

variant rainfall data, topographic data in digital format, Geological and geotechnical characteristics of 

soil, soil depth details, and water table details.  

TRIGRS model consists mainly of two components- The infiltration model and the Slope stability 

model. The infiltration can take place in unsaturated or saturated initial conditions. The unsaturated 

initial condition is considered to make the TRIGRS model applicable to a wide range of initial 
conditions. TRIGRS utilizes the co-ordinate transformation to enhance the 1D form of Richard’s 

Equations (Iverson 2000). 

𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑍
[𝐾(𝜓)(

1

𝑐𝑜𝑠2𝛿

𝜕𝜓

𝜕𝑍
− 1)  (1) 

ψ is the pressure head, t represents the time, z is the slope-normal coordinate direction, δ represents the 
slope angle, Z = z/cos δ = depth below the ground surface in the vertical coordinate direction and is 

taken as positive in the downward direction. K(ψ) is the hydraulic conductivity, (θ)  volumetric water 

content on the pressure head (ψ) and ψ0 is a constant defined as height of capillary fringe above the 

water table and ψ0 = -1/α . The approximate solution is given by (Baum et al. 2008; Baum et al 2010; 
Baum and Godt 2013) 

𝜓(𝑍, 𝑡) =
cos 𝛿

𝛼1
ln [

𝐾(𝑍,𝑡)

𝐾𝑠
] + 𝜓0   (2) 

Runoff model 

TRIGRS presumes that the saturated hydraulic conductivity Ks does not exceed the infiltration rate I. 

The infiltration is assumed to be the sum of precipitation, P, and the runoff from up-sloping cells, Ru. 

Runoff in these circumstances would therefore take place. In both cases, the amount of infiltration is 
simulated based on equation (3) 

𝐼 = {
P + Ru ;   P + Ru ≤  Ks 
𝐾𝑠         ;  P + Ru >  𝐾𝑠

 (3) 

The runoff to downslope (Rd) is calculated by the equation (4) 

 𝑅𝑑 {
P + Ru – Ks ;  P + Ru – Ks ≥  0

Rd = 0 ;   P + Ru − Ks <  0
(4)
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Slope stability assessment 

A statistical analysis of infinite-slope stability in TRIGRS evaluates the slope stability over a large area 

by means of digital topography. For transient pressure heads at various stages, TRIGRS calculates the 

factor of safety (FOS) utilizing the infinite slope stability assessment, which characterizes a failure of 

the infinite slope by the ratio of the coulomb resistant to the gravitationally induced downward driving 
stress. The FOS is calculated at an arbitrary depth Z for each grid cell by equation (5) 

𝐹𝑂𝑆(𝑍, 𝑡) =
tan ∅′

tan 𝛿
+

𝐶′−𝜓(𝑍,𝑡)𝛾𝑤 tan ∅′

𝛾𝑠𝑍 sin 𝛿 cos 𝛿
 (5) 

where c’ = effective soil cohesion, ψ = pressure head as a function of depth Z and time t, δ = slope angle, 

ϕ’ = soil effective friction angle, ΔC = apparent cohesion provided by tree roots, γw and γs = unit weights 

of water and soil, respectively 

2. Study area

Idukki is one of the 14 district in Kerala, India. Idukki lies between 10021’30”N and 9016’14”N latitudes 

and 76037’33”E and 77025’9”E longitudes (Figure 1). There are 5 taluks in the district namely 

Udumbanchola, Devikulam, Peerimedu, Thodupuzha, and Idukki. Soil texture is a permanent 
characteristic of the soil which defines the infiltration properties. The sandy clay loam covers more than 

90% of the area with loam and sand in the remaining area. 

2.1 Data collected 

The elevation data used is the CARTOSAT-1 Digital Elevation Model (DEM) with a resolution of 30 
X 30m. It is obtained in World Geodetic System (WGS) 1984 geographical coordinate system from the 

official site of National Remote Sensing Centre (https://bhuvan.nrsc.gov.in/). Soil, Land-use, Lithology, 

and Road network are obtained from the Kerala State Spatial Data Infrastructure (KSDI), 
Thiruvananthapuram. The rainfall data was obtained from the India Meteorological department. The 

Landslide data was obtained from the Geological Survey of India Kerala unit, Thiruvananthapuram. 

The data consisted of the previous landslide events (1195 various type of landslide events) which 
occurred in Idukki district in the past two decades. Figure 1 shows the Landslide events in the Idukki 

district. 

3. Preparation of thematic layers

Inputs for the TRIGRS model are Elevation, Direction, Slope, Soil depth, Initial water table depth, 

Initial infiltration depth, Rainfall intensity, and Soil properties. Elevation, slope, direction, soil depth, 
and rainfall intensity are to be given in the ASCII format and the rest of the data are inputted as unique 

values. As indicate in the previous section, there are 1195 locations where landslides have occurred 

during the last two decades. These were created as a point shapefile. In addition to these 1195 landslide 
points, 240 non-landslide sample points were taken where no landslides had occurred with reference to 

the previous landslide locations. These 240 points were digitized randomly in the area with no landslide 

history into another point shapefile. Figure 1 shows the non-landslide points selected. These points were 
selected in such a way that these points were well distributed, but avoiding the area with high frequency 

of occurrence of landslides. These points were created for checking the accuracy of Landslide 

susceptibility maps intended to be created in subsequent sections. 

The 30 X 30m DEM was obtained in WGS 1984 as a geographical coordinate system. The data in the 

geographic coordinate system was projected to Universal Transfer Mercator (UTM) Zone 43N with cell 

size 30.798m. The elevation data was increased by 100 to bring the water table elevation at all points 
to a positive value. Then the Raster was converted to ASCII format with no data values as “-9999”.The 

slope map was created from the DEM. The slope angle varies from 0 to 79 degrees. Figure 2(i) shows 

the direction map of the study area. The filled DEM was used to create the Direction map of the study 
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area in the ESRI numbering scheme. 1, 2, 4, 8, 16, 32, 64, and 128 representing the eight directions 

East, Southeast, South, Southwest, West, Northwest, North, and Northwest respectively. Figure 2(ii) 
shows the direction map of the study area. 

Figure 1 Landslide points (1195) and Non-landslide points (240) in Idukki district 

The soil depth details of the study area were not available. The field study for the investigation of soil 
depth was not practical as the study area was large and of highly varying terrain. In addition,  the current 

pandemic situation also prevent such data collection. In most of the studies referred in the literature, the 

soil depth was assumed to be constant throughout the study area (Kim et al. 2014; Dikshit et al. 2019; 

Sarma et al. 2019) or derived from the slope map. In some researches, the soil depth was derived from 
the slope map with minimum soil depth in steeper places and maximum at flat terrain (Viet et al. 2017). 

To analyze the effect of the derived soil depth in absence of actual soil depth, twelve different soil 

depths were created using slope map and DEM. At first, the slope map and the DEM were reclassified 
into nine classes.. The slope was classified by natural breaks and the class numbers were assigned from 

1 to 9, with slope ranging from higher to smaller. Then DEM was also classified using natural breaks 

and class number 1 to 9 were given for highest range of elevation to lowest range of elevation values. 
Then using the weighted overlay method, twelve different maps were created by varying the influence 

factor for these maps. The weightage for each of the maps are given in Table 1. The weighted overlay 

maps contained values in the range of 1 to 9. Eleven soil maps were created with equation 7 so that the 
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soil depth lies between 4- 6 m. one soil map was created with equal influence factor using equation 8 

such that the soil depth lies between 1-6 m. All the soil depth maps are converted to the ASCII format 
before it could be used in TRIGRS. Figure 2 shows typical three different maps created by using this 

method (iv) map4-60, map with slope only, (v) map 4-65, map created with the equal influence of slope 

and elevation and (vi) map4-610, map created with elevation only. These data were generated for 

finding out the influence of soil depth on the landslide susceptibility map as the original soil depth was 
not available  

Soildepth=0.25x+3.75   (7) 

Soildepth=0.625x+0.375   (8) 

x= weighted overlay map 

Table 1 Details of the influence factor and depth of 12 soil maps 

SL NO Name of soil depth map 
Slope influence 
factor 

Elevation 
influence factor 

Depth of soil (m) 

1 zmax4-60 100 - 04-6 

2 zmax4-61 90 10 04-6
3 zmax4-62 80 20 04-6

4 zmax4-63 70 30 04-6

5 zmax4-64 60 40 04-6
6 zmax4-65 50 50 04-6

7 zmax4-66 40 60 04-6

8 zmax4-67 30 70 04-6

9 zmax4-68 20 80 04-6
10 zmax4-69 10 90 04-6

11 zmax4-610 - 100 04-6

12 zmax1-65 50 50 01-6

3.5 Rainfall data 

The rainfall data that was used for the simulation of the TRIGRS model was the rainfall event that 

occurred on 15th August 2018 which was the highest one-day rainfall event in the past century. The 
rainfall values recorded at Devikulam, Peerimedu, Thodupuzha, and Idukki are 220, 270, 170, and 230 

respectively. The rainfall distribution map was created by using Thiessen polygon method and is 

converted it into raster. Figure 2(iii) shows the rainfall raster map created. The raster was then converted 
to the ASCII format for creating the input to the TRIGRS model. 
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Figure 2 Maps of the study area (i) Slope (ii) Direction and (iii) Rainfall 

(iv) Soil-depth map zmax4-60 (v) zmax4-65 and (vi) zmax4-610

3.6 Soil properties 

The accurate geotechnical properties of the study area were not available. Sandy clay loam with 

cohesion 6Kpa, angle of internal friction as 33o, unit weight as 18KN/m3, and initial infiltration rate as 
2.5mm/h were taken for the entire study area.  The soil properties were taken from the parameter values 

of van Genuchten models for different soil texture classes (Leij et al. 1996). The saturated water content 

of 0.39, the residual water content of 0.1, saturated conductivity of 1.31cm/h, and the empirical constant 
alpha (soil pore size distribution factor) of 0.059/cm were used for the study. 

4. Results and Discussion

TRIGRS model is an empirical physically-based model that analyses the temporal and spatial variation 

of data. The study explores the suitability of the TRIGRS model in creating the LSM of Idukki district. 

TRIGRS model was used to create the Landslide Susceptibility Map of Idukki district. 
TRIGRS models assume that the flow takes place in homogeneous isotropic soil, thus the soil in the 

study area is assumed to be homogeneous and isotropic. Since the aim of the current study is to find the 

location susceptible to landslides rather than the exact events, which had occurred during the event of 
August 2018, it is reasonable to use the entire data for the validation purpose, though they did not belong 

to the current event, as the chance of occurrence of landslides at these places of earlier events would be 

higher.  

The TRIGRS model analyses the infiltration rates during the rainfall duration, the variations of factor 

of safety with time, pressure head variation at different soil depths. For each grid defined, the TRIGRS 

model identifies the minimum factor of safety along with the depth and pressure head at that point. The 
validation of the model is the main step in checking the performance of the model, which is carried out 

by the comparison of the predicted results to the actual observed results. All the results are in ASCII 

format and then the results are converted to raster map. 
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The output of TRIGRS model has mainly three maps 

1. Minimum factor of safety at the time t on each grid

2. Depth at which minimum factor of safety occurs

3. Pressure head at the depth corresponding to the depth at minimum factor of safety at the time t.

A 24 h storm was simulated using TRIGRS model with one unique set of soil properties. The input 

variables are the ASCII files corresponding to the raster maps of the input layers mentioned in previous 

section. The Figure 3 (a) shows the minimum factor of safety map after 24h rainfall (b) the depth at 
which the minimum factor of safety occurs and (c) the pressure head at the depth corresponding to the 

minimum factor of safety. The factor of safety less than 1 means that the grid is susceptible to landslide. 

The depth at minimum factor of safety occurs is is the depth at which landslide occurs.  

Figure 3 (i) Minimum FOS after 24h storm, (ii) Depth (Z) at which min FOS occurs and (iii) Pressure 

head at the depth Z 
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Effect of Soil-depth 

As already mentioned, the soil depth data were not available for the vast area of interest, arbitrary soil 

depths were assigned based on the slope and elevation data. This assignment of soil depth was based 

on the fact that the depth of soil is smaller in the area of high slope and elevation and vice versa. Hence, 
arbitrary equations were used to arrive at the depths of soil in each pixel level. Since these are arbitrary, 

it becomes imperative to test the influence of soil depth on the actual prediction of landslides. Hence, 

several soil depths were derived as indicated in section 3 and the model was run with these soil data. It 
may be noted that the model was run for twelve times with soil maps given Table 1. Further, each run 

required the conversion soil raster maps to ASCII format and the reverse conversion of ASCII output 

to the raster map each time. Now, these outputs were to be tested for their accuracy. Hence, the FOS 

values corresponding to the 1195 landslide points and 240 points with no landslide history were 
extracted from the maps. These data were compared with the actual values (1 or 0 corresponding yes or 

no). 

Though the validation of the results could not be carried out accurately due to the absence of the time 

data of the landslide events occurred due to the rainfall event, the landslide susceptibility map could be 

verified with the available data of landslides for the last two decades, based on the reasoning presented 
in earlier section (rainfall being the highest rainfall of the century, the landslides might have occurred 

on these points if slides were not already happened at these points). Thus, the minimum factor of safety 

map was converted to the LSM. The LSM was created by reclassifying the FOS map with grids having 

FOS less than one is taken as landslide susceptible area. Then, the validation was carried out by using 
the 1195 previous landslide events and the taken 240 points where there was no history of landslide 

events. The values are added to the attribute table of points using the extract multi values to point’s tool 

in ArcGIS. Then landslide points should have the FOS value less than one and no landslide points 
should have the FOS value greater than 1. If so, the prediction is taken as correct; otherwise wrong. The 

Figure 4 shows a typical LSM with the landslide points and no landslide points (from the twelve maps). 

The Table 2 shows the accuracy assessment of twelve different LSM created using the twelve soil depth 
maps. It may be noted that all the 12 LSM created provides comparable results with a very less change 

in the accuracy.  Hence, it can be concluded that the influence of soil depth on the accuracy of model is 

marginal. Moreover, the overall accuracy is at the order of 50% which requires further improvement. 

The frequency ratio method for the same data has given a kappa index of 0.652 (Jobin and Sajikumar 
2019). Hence there is a scope for further improvement by changing the strategy in using the model. A 

strategy for reclassifying the LSM or changing assumption behind certain characteristics can be tried 

out to bring the accuracy to the required level.  

Table 2: Statistical analysis of Soil depth maps 

Soil depth 

map 

Total accuracy 
Landslide points correctly 

predicted 

Non landslide points 

correctly predicted 

Out of 1435 % Out of 1195 % Out of 240 % 

zmax4-60 702 48.92 493 41.26 209 87.08 

zmax4-61 703 48.99 494 41.34 209 87.08 

zmax4-62 711 49.55 501 41.92 210 87.5 

zam4-63 715 49.83 505 42.26 210 87.5 

zmax4-64 720 50.17 510 42.68 210 87.5 

zmax4-65 728 50.73 520 43.51 208 86.67 

zmax4-66 728 50.73 520 43.51 208 86.67 

zmax4-67 729 50.8 521 43.6 208 86.67 

549



zmax4-68 733 51.08 525 43.93 208 86.67 

zmax4-69 743 51.78 535 44.77 208 86.67 

zmax4-610 738 51.42 530 44.35 208 86.68 

zmax1-6 658 45.83 442 36.99 216 90 

Figure 4 LSM map of 4-610 with FOS<1 

Conclusion 

The aim of the study is to assess the capability of TRIGRS model in identifying landslide susceptible 

areas of larger region. As TRIGRS required the data in ASCII format and hence the maps were 

converted to the required format. The required data were collected from different sources and converted 
into the required format by using ArcGIS. The data of 1195 landslide points were obtained from GSI 

Trivandrum. The influence of the soil depth on the capability of TRIGRS model in predicting the 

landslides were initially assessed.  Further, the influence of FOS on the identification of landslide 

susceptible area were assessed.  

The following conclusions were derived from the study 

 The validation of the TRIGRS model indicates that accuracy of the generated LSM was only at

the order of 50%. Hence, further improvement in strategy for classification of the LSM maps
is required to be developed.

 All the maps for different soil depth have provided comparable results. The variation in the

accuracy is only 3% (41.26% & 44.77%). There is no noticeable variation between the results

of the maps with soil depth 4-6m (43.51%) and 1-6m (37.15%). Thus, the procedure used to

create the soil depth map has an only marginal effect on the result of the TRIGRS model.
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Abstract 

Flood can be considered as one of the most devastating natural hazards because of its frequent occurrence and the 

losses it has caused worldwide. The consequences faced by the humans make flood management necessary. The 

study was done to map the flood hazard zones of Netravati river basin. Hazard considers the physical and statistical 

aspects of a flood. The study incorporated GIS with Multiple-criteria-decision making (MCDM) to map the flood 

hazard zones. Multiple criteria decision was solved by using AHP (Analytic Hierarchy Process). The study 

considered six physical factors: rainfall, slope, soil, LU/LC, population density and distance to river. The weight 

of each criterion was determined by using AHP and flood hazard map was developed. From the map we were able 

to identify the regions that are most likely to get affected when exposed to flood. A total of 56.81 km2 is at very 

high risk and 852.20 km2 is at high risk when a flood strike. 1484.12 km2 of the total area of Netravati basin is in 

moderate risk. 589.66 km2 area of Netravati basin is at low risk and 450.15 km2 area of Netravati basin is at very 

low risk. The regions that are lowest in risk of flooding is located mainly at the eastern parts of the study area 

where the vegetation density is high. The map generated using the proposed methodology can be considered as 

reliable result and can be used for taking necessary precautions at areas that are depicted as high hazard zones. 

Keywords: Flood hazard; GIS; multi-criteria-decision-making analysis; analytic hierarchy process 

1. Introduction

Floods are probably the most devastating, widespread and frequent among all types of natural hazards 

that threaten the world. (Sanyal and Lu 2004; Vanneuville et al. 2011; Karagiozi et al. 2011). In general, 

flooding occurs when water overflows and exceeds the river channel storage, filling the neighbouring 

low-lying lands, producing significant social, economic and environmental impacts (S. Thapa et al. 

2020). Floods can result in loss of human life, damage to infrastructure, damage to crops, animals, 

contamination of water supply, spread of diseases etc. (Rincón, D. et al. 2018). Floods can be caused 

by various factors, natural or human- driven factors. The natural factors leading to flooding includes 

rainfall, ice jams, storm surge, sudden snow- melt etc. (Rincón, D et al. 2018). The human driven factors 

that can be held responsible for causing floods include rapid urbanization, invasion of flood plains, 

mining activities, population growth, poor drainage systems, deforestation, transformation of natural 

soils by urban and agricultural soils which makes the soil less permeable (Rincón, D et al. 2018; Zúñiga, 

E et al. 2019; Criado, M et al. 2019; Naiji, Z. et al. 2019; Liu, J et al 2019; Abdelkarim, A et al. 2019). 

Even though flood is a global issue, the frequency of occurrence and the impacts of the hazard varies. 

In case of India, because of high population density and often under development standards, the impacts 

caused by floods are huge. In the recent years, many parts of India have witnessed catastrophic floods 

which caused irreplaceable damage to human lives, properties etc. Hence it is important in planning the 

flood hazard mapping and mitigation measures. 

Remote sensing and GIS has gained its importance in analysing natural hazards. (O. Rahmati et al. 

2015). There are many studies on flood mapping where remote sensing and GIS techniques were 

incorporated with hydraulic, hydrologic modelling, artificial neural network, fuzzy logic etc., 

(Abdelkarim, A and Gaber, A.F. 2019). The combination of multi criteria decision making with GIS is 

a recently established method which has been widely used. MCDM problems can be solved by assessing 

the criterion weights for each factor.  The assigning of criterion weighing can be done by various 

methods: entropy, ranking, pairwise comparison, rating etc. Analytic Hierarchy Process (AHP) 
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proposed by Saaty (T. L. Saaty 1990) is one of the common approach used to solve MCDM. AHP has 

been widely used to solve the problems related to water resources. AHP provides the best solution that 

suits the goal of the decision makers among all the different alternatives and criteria (Rincón, D et al. 

2018).  AHP compares two criteria at a time through pairwise comparison matrix, in which the relative 

importance of one criterion over another criterion are assigned.  

The objective of the paper is to develop a flood hazard map of Netravati river basin. Hazard  takes into 

consideration the physical and statistical aspects of flood i.e., the frequency and magnitude with which 

the flood hits a region. The parameters include extent of flood, inundation depth and velocity etc. 

(Veleda, S. et al. 2017;  Naiji, Z et al. 2019). The research considers physical factors that affect in 

flooding and the outcome is flood hazard map indicating the intensity level ranging from very high to 

very low. 

1.1 Study area 

Netravati river basin is located in the largest south Indian state, Karnataka between 12°29'11" N 

coordinates to 13°29'11" N latitudes, and 74°49'08" E to 74°47'03" E longitudes. Netravati basin is 

known as one of Karnataka’s main west flowing rivers. Netravati basin covers areas of four districts: 

Dakshina Kannada, Chikmagalur, Hassan and Kodagu. Netravati river originates in the Bangrabalige 

valley, Yelaneeru Ghat in Kudremukh in the Karnataka district of Chikkamagaluru and merges with the 

Kumaradhara river at Uppinangadi before flowing into the Arab Sea, south of Mangalore. The total 

length of the river is about 103 kilometers. The drainage area of the  basin is 3432.94 sq. km. The 

drainage pattern is dendritic and the highest order of the stream delineated is sixth order. The study area 

has varying temperature of a minimum of 17° C to a maximum of 37° C. The annual rainfall received 

in the study area is 3930mm.  

Figure 1 Study area 
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2. Experimental program

2.1 Data used 

This study utilized the following datas: daily rainfall gridded data of 0.25 X 0.25 degree spatial 

resolution obtained from India Meteorological Department (IMD) for the period 2008- 2017. Soil chart 

for the year 2003 was obtained from National Bureau of Soil Survey and Land Use Planning (NBSS & 

LUP) with a resolution of 1:25000. Census data of the year 2011 was obtained from Census of India 

website. Landsat- 8 satellite image of 30m spatial resolution  for the year 2017 and SRTM digital 

elevation model (DEM) of the year 2014 with a resolution of 30 m were downloaded from US based 

USGS website.  

2.2 Data processing and methodology 

Data processing and methodology can be explained as a three step process. Primarily, the physical 

factors that can be held accountable for causing floods were computed. Following this, the importance 

of each factor were determined using Analytic Hierarchy process (AHP). Finally, using weighted 

overlay technique in ArcGIS, the flood hazard map was generated. The methodology is represented 

schematically in figure 2. 

Figure 2 Methodology 

2.3 Analysis of physical factors 

Daily rainfall for the monsoon season (July- October) for the period 2008- 2017 were used to develop 

average annual rainfall map. Inverse distance weighing (IDW) method was used to generate the rainfall 

map. Figure 3(a) shows the rainfall map. From the map, it is understood that the average annual rainfall 

for monsoon season varies from 1119 mm to 3236 mm. Maximum intensity of rainfall is in the western 

portion of the study area. As we move further towards the east, the rainfall intensity reduces. 

Topographic slope is the angle between the surface and horizontal datum. This implies that gravity has 

an effect in inducing runoff and its velocity. Using the fill tool in ArcGIS, the voids/ sinks in the DEM 

were filled. The slope map of the Netravati river basin was developed using the Slope Tool. Figure 3(b) 

shows the slope map of Netravati river basin and the highest slope of recorded is 73.2°. Although 

steepness affects the runoff and its velocity, in areas with gentle slopes, floods generally occur. 
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Therefore with respect to floods, the planar regions closer to the river can be regarded as more 

dangerous. 

Distance to the stream is an important factor to be considered. The probability of getting flooded also 

increases as the proximity to the river streams increases. Using the hydrology tool in ArcGIS, the river 

streams were delineated and the distance to streams was calculated using the Euclidean distance. Figure 

3(c) illustrates the map developed for distance to streams. A maximum distance of 2500 m was 

measured from the river streams. 

Population density refers to the number of people living within an area per square kilometre. It is 

necessary to study the intensity of the impact on human lives when floods strike. The population density 

corresponding to each taluk was established using the 2011 census report. From the figure 3(d), we can 

conclude that Mangalore taluk has the highest population density followed by Bantval taluk. As the 

population density increases, there is a greater chance that human lives are at risk. 

According to HSG classification, the soil map was categorized into four types according to their 

potential runoff and infiltration capacity. Table 1 describes the HSG classification of soil. In the figure 

3(e), we can identify that the soil type of group A dominates the area of analysis, and there is a very 

small percentage of group D which is having the highest runoff potential. 

Table 1 HSG classification of soil 

Group Description 

A Contains soils having a high infiltration rate and therefore have a low runoff potential 

B Has moderate infiltration, low runoff potential 

C Has slow infiltration and higher runoff potential 

D Light soils having a very slow infiltration rate and thus the highest runoff potential 

The occurrence of flood is inversely proportional to the density of vegetation. Compared to areas 

covered by grassland, forest etc., areas of land use (urban areas, agricultural land etc.,) generate more 

storm runoff. In order to understand the impact of LU/LC in flooding, supervised classification of 

Landsat- 8 satellite image was conducted to develop the LU/LC map of Netravati river basin. The study 

area was classified into 6 classes: agricultural land, barren land, forest land, rangeland, urban and water 

bodies. It is understood from figure 3(f) that the major portion of the study area were covered with 

vegetation. 
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Figure 3 (a) Rainfall map (b) Slope map (c) Distance to streams map (d) Population density map 

(e) Soil map (f) LU/LC map

2.4 AHP and weighted overlay 

Six factors were taken into consideration for the study area which can be held responsible for causing 

floods. But the six factors are not equally significant. The multiple-criteria-decision-making was done 

with the help of Analytic Hierarchy Process (AHP). Analytic hierarchy process is an approach developed 

by Thomas L Saaty for analyzing complex decisions. AHP estimates relative weights of each factor by 

pairwise comparison. Figure 4 shows the hierarchical structure of AHP. 

Figure 4 Hierarchical structure of AHP 

By creating a pairwise correlation matrix, the variables are compared with each other. AHP uses 

a 9-pointer-scale to represent the importance of each factor. The description of each of the scale 

values is explained below in table 2. 

556



Table 2 Description of scale values of AHP 

Scale value Description 

1 Equal importance 

3 Moderate importance 

5 Strong importance 

7 Very strong importance 

9 Extreme importance 

2, 4, 6, 8 Intermediate values 

1
2⁄ , 1

3⁄ , 1
4 ⁄ , 1

5⁄ , 1
6⁄ , 1

7⁄ , 1
8⁄ , 1

9⁄ Values for inverse comparison 

Consistency index has to be determined and consistency of the matrix formed have to be checked. If the 

consistency ratio exceeds 0.1, the matrix have to be revised. 

The weighted overlay technique is used to combine several considered factors that have different scale 

values to produce a meaningful outcome. As this technique accepts only integer values, the continuous 

(floating point) rasters were reclassified into integer values. Based on its significance in causing floods, 

the range of values of each raster was assigned a single value. Table 3 shows the priorities of each of the 

factors determined using AHP.  

Table 3 Overall priorities of factors affecting flood hazard 

Factor Priority Rank 

Rainfall 39% 1 

Slope 26% 2 

Distance to river 18% 3 

LU/LC 8% 4 

Soil 6% 5 

Population Density 3% 6 

2.5 Results and discussion 

Depending on their significance, the factors that were considered as flood-causing factors were 

superimposed using weighted overlay techniques to create the flood hazard map. The values of hazard 
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were classified into five classes varying from very low to very high. The flood hazard map of Netravati 

river basin is shown in figure 5. 

Figure 5 Flood hazard map 

From the figure 5, we can conclude that the Netravati river basin have very small percentage of area 

with very high hazard value. Urban areas in Mangalore taluk and the regions closer to the river bed in 

Mangalore and Bantval taluk are marked as very high in terms of hazard caused by flood. Major portion 

of Mangalore and Bantval taluk are in high hazard zone. The consequences of flooding are moderately 

dangerous for a major portion of the Netravati river basin. The hilly region is not in threat to the 

consequences of flood when compared to the planar regions of Netravati river basin. 

Table 4 Area and percentage of area affected by flood for each value of hazard 

Sl. No Hazard value Area (sq.km) Percentage of total area 

1 Very low 450.15 13.11 

2 Low 589.66 17.17 

3 Moderate 1484.12 43.23 

4 High 852.20 24.82 

5 Very high 56.81 1.67 

Table 4 depicts the area and the percentage of the area affected by flood for each value of hazard. An 

area of 56.81 km2 of Netravati river basin is having high hazard value. An area of 852.20 km2 is 

having high hazard value followed by moderate hazard value covering an area of 1484.12 km2. An 

area of 589.66 km2 and 450.15 km2 are having low and very low hazard value.  
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3. Conclusions

Owing to rapid urbanization, deforestation, climate change etc., flood has become the most common 

natural disaster in the present century. Flood is an imminent threat. But it is a manageable threat too. 

Structural or non- structural methods can be used to mitigate the impacts of flood. Structural methods 

include construction of dams, dykes, controlled irrigation etc. Non- structural methods include real time 

monitoring, early warning and quick damage assessment of flood disasters (Veleda, S. et al. 2017). 

This paper concentrated on providing a non-structural method to control the damages caused by floods. 

The study aimed in mapping the hazard zone areas of Netravati river basin. The paper incorporated GIS 

with AHP to solve the Multi-criteria-decision-making problem. The methodology considers six factors 

that are relevant in causing floods: rainfall, slope, distance to river, soil, LU/LC, population density. 

The importance or relevance of each factor in causing floods were found out using AHP.  

The results show that 56.81 km2 or 1.67% of Netravati river basin has very high hazard, the high- hazard 

area being 24.82% and 43.23% for moderate hazard with respect to the occurrence of flood events. On 

the other hand, 17.17% or 589.66 km2 has low hazard and 13.11% or 450.15 km2 has very low hazard 

in the occurrence of floods. From these results, it is evident that urban areas of Mangalore taluk and 

areas closer to the Netravati river channel of Mangalore and Bantval taluk are in very high hazard zone. 

The study has shown that reliable results can be developed by incorporating GIS with AHP. The 

harmful effects on human life, the environment, economic activities and cultural heritage can be avoided 

by taking the necessary precautions in areas that are relevant to the hazards caused by floods. The use of 

the results in future urban planning can help to avoid the use of high-risk areas for human purposes. The 

methodology possess many other advantages as it can produce reliable results within a small period of 

time and a small budget. It is also flexible when it comes to criteria which are taken into account in 

various regions. 
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Abstract 

Stormwater drainage and its management in urban regions have become a challenge because of the 

rapid and random expansion of urban areas, deletion of plant life, and reduction in the efficiency of drainage 

infrastructure. A few of the challenges are stormwater management in terms of water quantity and water quality. 

Stormwater management model (SWMM) is a dynamic rainfall-runoff simulation model used for single event or 

long term (continuous) simulation of runoff quantity and quality from urban areas. In the present study, SWMM 

has applied for the considered study area i.e. proposed Amaravati city of bifurcated new state of Andhra 

Pradesh. The present study focuses on evaluation of the performance of various Low Impact Development 

(LID) control options for efficient stormwater management with regard to reduction of runoff from the entire 

catchment of the study area. Various LID control options are used for certain portion of each sub-catchment area 

with a number of units. The performance of each LID control for each sub-catchment has determined in terms of 

surface outflow from each LID control and further decrease in total runoff from each sub-catchment. The 
present study finds peak runoff from each sub-catchment and from entire catchment of proposed Amaravati city. 

Also, an assessment of diverse LID controls with regard to NO LID control option has made in terms of 

attenuation percentage in runoff as a metric to adopt sustainable and/or resilient integrated urban stormwater 

management for the proposed Amaravati city to perform as a Water Sensitive City.  

Keywords: Stormwater management; SWMM; LID; runoff 

1. Introduction

Government of India has initiated to develop number of smart cities in India. Development of 

existing or proposed city as smart city needs all effective and efficient infrastructure to transform as 
smart city. In the context of water infrastructure, especially stormwater infrastructure needs to be 

efficient in terms of drainage and management to become part of smart city and to perform as water 

sensitive city. As each city during various phases of development converts more area into impervious 
by modifying more area into paved, which results in more runoff especially surface runoff. Thus, 

management of stormwater in urban areas is becoming a challenge nowadays. Stormwater 

management in terms of runoff attenuation would become a solution to the transformation of more 
urban area into impervious. 

For efficient storm water management, various Low Impact Development (LID) practices with and 

without Best Management Practices (BMPs) are being considered as a paramount option for 

sustainable and/or resilient urban drainage systems in various countries.     
Proposed Amaravati city is considered to develop as a best smart city by Government of Andhra 

Pradesh. Proposed Amaravati city is within considerable rainfall zone and completely new smart city 

being developed, thus, there is a need to provide an effective stormwater management to act as a 
water sensitive city for longer duration. Proper stomwater management system for effective and 

efficient control and discharge can be taken as a research study for the proposed Amaravati city. 

For the considered Amaravati city of Andhra Pradesh state, to perform the research study of 

stormwater management system as efficient, Storm Water management Model (SWMM) of US EPA 
[Environmental Protection Agency] has considered as a tool to model and determination of 

performance of various LID controls and BMP options for efficient stormwater management. 
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2. Study Area

Study area has chosen as proposed Amaravati city of newly formed Andhra Pradesh state, 

India. Amaravati city is located on the bank of Krishna river in Guntur district. Proposed Amaravati 

city area is 217.50 sq.km and is located at 16.51
0
 N latitude and 80.52

0
 E longitude. This city area

is proposed to make up from agricultural lands and 29 number of existing villages and part of 2 

number of towns belong to various mandals of Guntur district, Andhra Pradesh. This proposed 

Amaravati city has been envisaged to be the pioneer among various Smart Cities of India and to be 
efficient Water Sensitive City for number of decades.     

Study area map i.e. detailed master plan of Amaravati city is being considered as provided 
/available from AP CRDA/AMRDA web portal for this research study. This study area master plan 

map is presented below for ready reference. 

Figure1 Detailed master plan of Amaravati city. (Source: AP CRDA/AMRDA) 

3. Literature Review

Bai et al. (2019) considered study area as Sucheng District of Suqian City, Jiangsu Province, 

China. SWMM (storm water management model) utilized to study the effect of four different types of 
LID scenarios [1- no LID technique, 2 - LID technique based on infiltration, 3 - LID technique based 

on water storage, 4 - LID technique based on the combination of infiltration and water storage] on 

urban flooding under various rainfall patterns. The combined model (infiltration + storage) performed 
better to decrease peak flow and flood volume, with the maximum reduction rate 32.5% and 31.8% 

for peak flow and flood volume respectively. “Under all the LID designs, runoff reduction gradually 

increases with the increasing rainfall amount, and peak reduction becomes stable when rainfall 
amount reaches about 81.8 mm. In general, the combined model (infiltration + storage) performs 

better than any other scenarios in runoff reduction. The research shows that LID facilities can greatly 
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mitigate flood, thus the urban flooding disasters caused by extreme rainstorms can be prevented” [Bai 

et al. (2019)]. 

Luan et al. (2019) has considered a study area located in the southwestern part of the pilot 

site, with a total area of 181.8 ha and the effective catchment area of 169 ha (excluding rivers). The 

New Western City of Zhuhai, one of the second groups of Sponge City pilot sites, was a 
representative urbanizing area in the Pearl River Delta City Cluster in China. This study determined 

advantages of each Single and Combined GSI [Green Stormwater Infrastructure] technologies: (i) 

Distributed-Centralized Combined GSIs yields comprehensive optimal benefit; and (ii) Centralized 
Single GSIs may yield acceptable performance with low cost. Also, this study identified that among 

the Single GSI strategies, porous pavements, bioretention, and detention basins were advantageous in 

runoff volume reduction, TSS load reduction, and peak flow reduction, respectively. 

Luan et al. (2017) considered a mountainous area related to Fragrant Hill Town, Haidian 

District of Beijing, China. This study area is located at the foot of the eastern side of Fragrance Hills, 

a closed mountain catchment. Mountainous urban areas with high risk of local flooding and 
waterlogging, all LID measures were only effective in controlling one-year and two-year rainfall 

events. 

Niazi et al. (2017) reviewed available literature on SWMM model performance in regard to 

calibration and validation. A gap analysis performed which evaluated the model‟s ability to perform 

water-quality simulations with green infrastructure (GI) / low impact development (LID) designs and 
effectiveness. “The ability to explicitly model important chemical transformation and physical 

processes in the shallow groundwater (or vadose zone) may be necessary for SWMM to simulate in-

stream water quality effects, if a significant portion of pollutants flux through this compartment. In 

addition, because of the reservoir-based representation of subsurface, SWMM is unable to model 
regional groundwater flow, as it requires considering coupled interaction between adjacent reservoirs 

representing the groundwater underneath each sub-catchment” [Niazi et al. (2017)]. 

Xie et al. (2017) has taken Nanshan village in Jiangsu Province, China as a research area. Xie 

et al. (2017) applied SWMM to the chosen study area to find the variation between the combined 

system (i.e., permeable pavement + grassed swales) and a single LID facility on the storm-water 

management effect. When the rainfall repetition period ranged from 0.33a to 10a [„a‟ refers to rainfall 
repetition period], the total runoff reduction at LID facilities were arranged varied from 100% to 

27.5%. The peak flow reduced in the range from 100% to 15.9%. “The runoff-yielding time was 

eliminated or delayed by 13 min to 5 min and the peak-flow occurrence time was eliminated or 
delayed by 17 min to 5 min after LID treatment” [Xie et al. (2017)]. 

Xu et al. (2017) had chosen a case study in Tianjin, China to apply a proposed methodology 
which integrated LID-BMP chain layout optimization in site-scale in the complete block-scale urban 

area. Non-dominated sorting genetic algorithm (NSGA-II) was combined to SWMM through Python 

to complete the site-scale optimization process. A multi-index evaluation with runoff quantity indices, 

pollutant loads, and construction costs simultaneously aided to opt for the cost-effective scenario as 
the final planning scheme. Results indicated that “more than 75% control rate of total runoff volume, 

22% – 46% peak flow reduction efficiency, and more than 32% pollutant removal rate were achieved” 

[Xu et al. (2017)]. 

Chow et al. (2012) considered the stormwater observation in southern Johor, Peninsular 

Malaysia between June 2008 and March 2010. Runoff depth and peak flow were sensitive to changes 
in the input parameters of percentage of imperviousness, width, depth of impervious area, and 

Manning‟s N of impervious area.  

Wang and Altunkaynak (2012) performed a case study to compare SWMM and a developed 
fuzzy logic models for the predictions of total runoff of Cascina Scala watershed, Pavia in Italy. 35 

independent rainfall events were considered for 1990 – 1995 to find the performance of SWMM and 
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fuzzy logic models from a comparison study between predicted total runoff and measured data. 

Performance analysis has done in regard to root mean squared error (RMSE) and coefficient of 
efficiency (CE) for SWMM and fuzzy logic model. The coefficient of efficiency (CE) value for 

SWMM model was 0.81 and that for the fuzzy logic predictions was 0.90. The fuzzy logic model has 

done better than the SWMM with lower RMSE for runoff predictions. 

Chung et al. (2011) demonstrated the integrated continuous simulation-MADM [multi-

attribute decision making] approach applied to the Mokgamcheon watershed. “The procedure 

integrates continuous urban runoff simulation results from Storm Water Management Model 
(SWMM) with the application of an alternative evaluation index (AEI) and MADM techniques, 

following the driver-pressure-state impact-response (DPSIR) approach” [Chung et al. (2011)]. 

DEFINITE (decisions on a finite set of alternatives) comprises five diverse multi-attribute methods, 
and cost-benefit and cost-effectiveness analysis tools. DEFINITE analyses an array of ranking 

MADM methods to combine into the AEI approach to check consistency and to provide a qualitative 

comparison to decision makers to find uncertainties in the input data, weights, and process and to 

guarantee consistency. 

Damodaram et al. (2010) applied an approach to model to a watershed located on the campus 

of Texas A&M University in College Station, Texas, to forecast the stormwater decreases as a 
outcome from retrofitting existing infrastructure with LID technologies. Results reveal that 

application of various LID practices capitulate considerable stormwater control for small events and 

less control for flood events. Further, outcomes of this analysis were “infiltration-based LID 
technologies are more effective than BMPs for small storms, and storage based BMP infrastructure is 

more effective for managing runoff from more intense storms. To achieve both flood control and 

sustainability objectives of stormwater management, LID and BMPs may be used in combination” 

[Damodaram et al. (2010)]. 

Cambez et al. (2008) applied SWMM5 to simulate hydraulics and water quality in a 110 ha 

urban area, at Odivelas, a neighbour city of Lisbon. This area was segregated in four catchments. 
Flows were increased to storage tank plant [STP] from 2 to 4 times the dry weather flow, the overflow 

discharges are reduced on 41% for the no storage scenario, and on 48% for the two simulated storage 

scenarios. 

Choi and Ball (2002) presented a methodology for assessment of parameter values that 

control with the use of a decision support system. The proposed methodology utilizes a GIS database, 

optimization methods and SWMM to deduce spatially variable control parameters.   

Control parameter values for a catchment modeling system typically were determined by one 

of two alternative methods: (i) modification of control parameter values until the simulated and 
monitored hydrographs, or other catchment response measure, are similar; and (ii) selection of control 

parameter values based on some hydrological, hydraulic or other characteristic of the catchment. The 

study area was the Centennial Park Catchment, Sydney, Australia. 

The optimization algorithm in MATLAB was employed to search for the optimum values of 

factors influencing the transformation of catchment information into catchment modeling system 

control parameters. Resulting from this approach, it was found that high accuracy control parameter 
estimation was obtained. 

4. Data considered for development of Amaravati SWMM Model

Amaravati SWMM Model has been developed to evaluate the performance of various LID 
controls and BMP options for efficient storm water management with regard to runoff attenuation for 

the considered study area i.e. proposed Amaravati city. 
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The following data for Amaravati SWMM Model is considered, for each type of NO LID and various 

LID controls and BMP options. 
Software used for SWMM – US EPA SWMM 5.1.014 version 

Period of simulation – From 01-Jan-1982 to 31-Jul-2014 

No. of sub-catchments – 11 

It is assumed and evident from Amaravati SWAT model that contribution of groundwater flow and 
any lateral flow to total runoff are insignificant. 

4.1 Climatology data 

Precipitation data is obtained from data sets of SWAT TAMU web portal. 
Evaporation data is considered as (i) Monthly averages and (ii) From Temperature data.   

Temperature data is considered for Tulluru village area at Latitude 16.53001
0
 N, Longitude 80.47001

0
 

E from POWER LARC NASA web portal.  
Wind data is considered as monthly averages from data sets of SWAT TAMU web portal. 

4.2 Sub-catchment data 

Percentage of ground slope is assumed as 0.1 i.e. 1 in 1000, which means for every 1000 m distance 

on the ground, it is assumed that there is a ground drop of 1 m. Manning‟s N for impervious is 
considered as 0.013 [for concrete with float finish surface], Manning‟s N for pervious area is 

considered as 0.03 [for earth winding and sluggish and with grass, some weeds]. No depression 

storage is considered both for impervious and pervious areas. Infiltration process is considered as per 
CURVE NUMBER method. 

4.3 LID data 

Considered, 
Area of each LID unit = 2 acres = 8093.7 m

2
 

Surface width per unit = 500 m 

Percentage initially saturated = 0, Percentage of Non-LID impervious area treated = 95% 

Percentage of Non-LID pervious area treated = 95% 

Considered, all outflows from each LID will be returned to non-LID pervious area. 
The detailed master plan drawing of proposed Amaravati city is considered for SWMM model 
development. The identification of catchment area for the considered main outlet position and further 

dividing total catchment into a number of sub-catchments and their areas are obtained from SWAT 

model.     

5. Methodology for development of Amaravati SWMM Model

EPA SWMM [Storm Water Management Model] is a dynamic rainfall-runoff simulation 

model used for single event or long term (continuous) simulation of runoff quantity and quality from 

primarily urban areas. The runoff component of SWMM operates on a collection of sub-catchment 

areas that receive precipitation and generate runoff and pollutant loads. The routing portion of 
SWMM transports this runoff through a system of pipes, channels, storage/treatment devices, pumps 

and regulators. SWMM tracks the quantity and quality of runoff generated within each sub-catchment, 

flow rate, flow depth, quality of water in each pipe and channel during a simulation period comprised 
of multiple time steps. SWMM was first developed in 1971 and has undergone several major 

upgrades and modifications since then. SWMM continues to be widely used throughout the world for 

planning, analysis and design related to stormwater runoff, combined sewers, and other drainage 

systems in urban areas. 

Number of trials/iterations are performed for the given data and conditions as mentioned in 

above section 4 for Amaravati SWMM model. The optimal results in terms of runoff attenuation are 
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obtained after executing number of trials by varying impervious and pervious area proportions. The 

optimal results of various LID control options obtained are compared with reference to NO LID 
option for total peak runoff from the entire catchment. Also, the optimal results are verified by 

varying same and differing areas for impervious and zero depression impervious areas. Sensitivity of 

considering same and different areas for impervious and zero depression impervious areas has been 

analyzed in terms of peak runoff from each sub-catchment. Also, the sensitivity of considering 
evaporation from temperatures and as monthly averages has been analyzed and the results have shown 

that variation in evaporation and peak runoff from each sub-catchment is nominal. Further, the 

sensitivity of % ground slope, Manning‟s N for impervious and pervious areas, depth of depression in 
impervious area and depth of zero depression in impervious area on peak runoff magnitude variation 

of each sub-catchment has analyzed and it is found that variation of peak runoff  is negligible though 

these parameters are influencing total runoff from pervious and impervious areas.   

Table 1 Impervious area as a percentage of land use 

[Source: Storm Water Management Model Reference 

Manual Volume I – Hydrology (Revised)]  

Land Use Percentage 

Impervious 
Area 

 Commercial 56 

 Industrial 76 

High density residential 51 

Medium density residential 38 

Low density residential 19 

Institutional 34 

Agricultural 2 

Forest 1.9 

Open Urban Land 11 

From the above tables reference on i. SWMM criteria on impervious area as a percentage of each land 

use, ii. Amaravati land use / land cover types and their proportions, equivalent imperious area as per 
SWMM manual is obtained as mentioned below which is 9.52 %.   

Percentage of impervious area as per SWMM manual criteria = Percentage of impervious area from 

Agriculture + Forest + Open urban land / pasture + Built – up [as average of commercial, industrial, 
High density residential and Institutional] 

= 2 x 
59.89

100
+ 1.9 x 

15.16

100
+ 11 x 

10.64

100
+ [ 

56+76+51+34

4
] x 

12.66

100

= 1.1978 + 0.288 +1.1704 + 6.8681 = 9.52 % 

∴ Percentage of impervious area as per SWMM manual criteria = 9.52 % 

No depth of depression for impervious and no depth of zero depression for zero depression 

areas are being considered. For the given percentage of ground slope, Manning‟s N for impervious 
and pervious areas, starting with the above 9.52% impervious and no zero depression impervious area, 

remaining all as pervious area and evaporation as monthly average option is considered to model to 

compare results with various other options of LID controls occupying certain part of each sub-
catchment. For the same set of data as mentioned above, 9.52% impervious and no zero depression 

impervious area, remaining all area as pervious area and evaporation from temperature is considered 

to model as next NO LID option.   

Another NO LID option considered to model is 100% impervious and 100% zero depression 
impervious area. By considering bio-retention cell as LID control option for part of each sub-

catchment area with a number of units, runoff results are found. The optimal results with bio-retention 

cell LID option are obtained by varying the occupying area of bio-retention cell. The remaining area 
of each sub-catchment is modelled as impervious even with zero depression area. 

 

Land Use / Land 

Cover Type 

Percentage 

Area 

Agriculture 59.89 

Water 1.64 

Pasture 10.64 

Built-Up 12.66 

Forest 15.16 

Table 2 Amaravati City land use/ land 
cover types and percentage of each land 

use / land cover area. 

[Source: Amaravati SWAT Model ]
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6. Results & Analysis

Total Peak Runoff from No LID [with 9.52% Impervious Area, zero percentage Zero Depression 

Impervious Area and Evaporation from Monthly averages] Option = 207.17 m
3
/s    --- Option (1) 

Table 3 Comparison of various LID Control Options for Runoff Reduction 

LID Control 

Option 

Description of LID Control Option Total Peak 

Runoff [m
3
/s] 

Percentage of total 

runoff reduction w.r.to 

NO LID Option (1) 

No LID with 9.52% Impervious Area, zero 

percentage  Zero Depression 

Impervious Area, Evaporation from 

Temperature 

206.55 0.30 

No LID with 100% Impervious Area, 100% 
Zero Depression Impervious Area, 

Evaporation from Monthly Averages 

207.88 -0.34

No LID with 100% Impervious Area, 100% 
Zero Depression Impervious Area, 

Evaporation from Temperature 

206.88 0.14 

Bio-Retention 
Cell 

with 90% Impervious Area, 90% Zero 
Depression Impervious Area, Bio-

Retention Cell for 10% Area 

172.13 16.91 

Bio- 

Retention 

Cell 

with 80% Impervious Area, 80% Zero 

Depression Impervious Area , Bio-

Retention Cell for 20% Area 

111.49 46.18 

Bio- 

Retention 

Cell 

with 70% Impervious Area, 70% 

Zero Depression Impervious 

Area, Bio-Retention Cell for 

30% Area 

52.75 74.54 

Bio- 

Retention 

Cell 

with 60% Impervious Area, 60% Zero 

Depression Impervious Area, Bio- 
Retention Cell for 40% Area 

4.5 97.83 

Bio- 

Retention 

Cell 

with 50% Impervious Area, 50% Zero 

Depression Impervious Area, Bio-
Retention Cell for 50% Area 

5.28 97.45 

Infiltration 
Trench 

With 50% Impervious Area, 50% Zero 
Depression Impervious Area and 50% 

Area with Infiltration Trench 

3.52 98.30 

Permeable 

Pavement 
With 90% Impervious Area, 90% Zero 

Depression Impervious Area and 10% 

Area with Permeable Pavement 

169.74 18.07 

Rain Barrel With 50% Impervious Area, 50% Zero 
Depression Impervious Area and 50% 

Area with Rain Barrel 

176.24 14.93 

Rain Garden With 50% Impervious Area, 50% Zero 

Depression Impervious Area and 50% 

Area with Rain Garden 

131.32 36.61 

Vegetative 

Swale 
With 50% Impervious Area, 50% Zero 

Depression Impervious Area and 50% 

Area with Vegetative Swale 

133.29 35.66 
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NOTE: Negative sign of percentage of total peak runoff reduction indicates that increase of total peak 

runoff w.r.to considered NO LID Option. 

The same procedure as that of bio-retention cell LID option is adopted for other LIDs such as 

infiltration trench, rain garden, permeable pavement, rain barrel and vegetative swale. The total peak 

runoff results obtained from various LID control options are compared with that from a particular No 
LID option.   

7. SWMM Model Calibration and Validation

Following table gives observed precipitation data over various areas and from various sources which 
is used for further calibration purpose. 

Table 4 Observed Precipitation Data 

S.No. Area Time Period 
Precipitation, 

mm 
Source 

1 
Proposed 

Amaravati City 

From 01-Jan-1982 

to 28-Feb-1989 
5286.78 

IMD, Gannavaram 

Station 

2 
Mangalagiri 

mandal 

From 01-Mar-1989 

to 31-Jul-2014 
27552.30 AP CRDA / AMRDA 

3 Tulluru mandal 
From 01-Mar-1989 

to 31-Jul-2014 
24327.06 AP CRDA / AMRDA 

Considering Weighted Mean method, 

Average rainfall over Mangalagiri and Tulluru mandals = P1W1 + P2W2     (1) 

where, P1 = Precipitation over Managalagiri mandal = 27552.30 mm 
P2 = Precipitation over Tulluru mandal = 24327.06 mm 

W1 = Thiessen weight for Managalagiri mandal precipitation = 
A1

 A
  (2) 

W2 = Thiessen weight for Tulluru mandal precipitation = 
A2

 A
  (3) 

where, 
A1 = Area of Thiessen polygon of Mangalagiri mandal  

A2 = Area of Thiessen polygon of Tulluru mandal  

∑A = Total area of Thiessen polygon 
As Mangalagiri and Tadepalli mandals are in close proximity, 

Total no. of villages in Mangalagiri mandal including that of Tadepalli mandal = 8+ 3 =11 

Total no. of villages in Tulluru mandal = 20 

Adopting, importance factor of 0.94 for W1 and W2 to account for uncertainties and calibration 
purpose, 

Thus, W1 = 0.94 x 
11

31
 = 0.3335 

W2 = 0.94 x 
20

31
 = 0.6065 

Average rainfall over Mangalagiri and Tulluru mandals = P1W1 + P2W2 
= 27552.30 x 0.3335 + 24327.06 x   0.6065 

Therefore, Average rainfall over Mangalagiri and Tulluru mandals = 23943.05 mm 

Thus, observed precipitation in proposed Amaravti city area for the period from 01-Jan-1982 to31-

Jul-2014 = 2 x 23943.05 + 5286.78 = 53172.88 mm 
For SWMM simulation sub-basin wise, total precipitation is considered from SWAT TAMU data sets. 

Nash – Sutcliffe Coefficient / Efficiency = NSE = 1- 
O i− S i 

2n
i=1

 O i− Oavg
2n

i=1

 (4) 

[Nash and Sutcliffe, 1970] 
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Coefficient of determination, R
2
 = 

[  O i   −Oavg   (S i
n
i=1 − Savg )]2

 O i   −Oavg
n
i=1

2
(S i

n
i=1 − Savg )2

 (5) 

where, n is the number of data, 

i is the i
th
 observed or simulated data, 

O and S are observed and simulated values of the data, 

Oavg is the average of observed data, 

Savg is the average of simulated data 

Table 5 NSE Check for Total Runoff 

Sub-

basin 

Total 

Precipitation 

from SWMM 

Model, mm 

SWMM 

Simulated 

Total Runoff, 

mm 

Total 

Precipitation 

from Observed 

data, mm 

Runoff 

Coefficient 

from SWMM 

Model 

Observed 

Total Runoff, 

mm 

1 53085.09 33859.21 53172.88 0.638 33924.30 

2 53086.09 34225.42 53172.88 0.645 34296.51 

3 53085.09 33766.53 53172.88 0.636 33817.95 

4 53085.09 34123.38 53172.88 0.643 34190.16 

5 53085.09 33796.69 53172.88 0.637 33871.12 

6 53085.09 33963.58 53172.88 0.640 34030.64 

7 53085.09 34690.56 53172.88 0.653 34721.89 

8 53085.09 33940.30 53172.88 0.639 33977.47 

9 53084.09 33803.52 53172.88 0.637 33871.12 

10 53085.09 33778.27 53172.88 0.636 33817.95 

11 53085.09 33430.33 53172.88 0.630 33498.91 

Thus, Nash-Sutcliffe Efficiency for Total Runoff, NSE = 0.96 

Figure 2 Sub-basin wise Total Runoff, mm - Observed Vs SWMM Simulated 
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 Table 6 Mandal wise Maximum Daily Rainfall 

     (Source: AP CRDA/AMRDA) 

S.No. Name of Mandal Maximum daily rainfall, mm/day 

1 Mangalagiri 203.00 

2 Tulluru 183.00 

Percentage change in maximum precipitation over two mandals = 9.85% 

Thus, adopting the above percentage change as percentage increase for maximum precipitation to 

account for uncertainties and calibration purpose, 
Considering, maximum precipitation from Mangalagiri mandal = 203.00 x 1.0985 = 223.00 mm/day. 

Table 7 NSE Check for Peak Runoff 

Sub-

basin 

Sub-basin 

Area, km
2
 

Peak Runoff from 

SWMM Model, 

m
3
/s 

Peak Runoff 

Coefficient from 

SWAT Model 

Peak Runoff from 

observed maximum 

precipitation, m
3
/s 

1 2.222 6.39 0.87 4.99 

2 17.470 50.41 0.95 42.65 

3 1.729 4.97 0.90 4.01 

4 14.880 42.77 0.85 32.58 

5 11.870 34.12 0.94 28.67 

6 1.773 5.10 0.89 4.09 

7 5.346 15.36 0.94 13.03 

8 8.446 24.28 0.94 20.42 

9 2.754 7.92 0.94 6.70 

10 1.957 5.63 0.92 4.64 

11 3.565 10.22 0.78 7.16 

Thus, Nash-Sutcliffe Efficiency for Peak Runoff, NSE = 0.877 
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Table 8 Validation Table 

Type of Runoff 
Coefficient of 

determination, R
2
 

Nash-Sutcliffe 

Efficiency, NSE 

Total Runoff, mm 0.998 0.960 

Peak Runoff, m
3
/s 0.994 0.877 

Validation results from above Table 8 affirm that observed and SWMM simulated runoff results are in 

very good agreement for the considered study area i.e. proposed Amaravati city of Andhra Pradesh.  

8. Conclusions
From the above results obtained of various hydrological and field scenarios i.e., No LID and LID

control options which are also Best Management Practices [BMPs], number of conclusions can be
drawn. Following are the key conclusions.

OPTION - (1):

NO LID option is considered as 9.52% Impervious, zero percent Zero Depression Impervious and
Evaporation from Monthly averages.

Total peak runoff reduced slightly in other NO LID options such as (i) with 9.52% impervious, zero 
percent Zero Depression Impervious Area, Evaporation from temperature and (ii) with 100% 

Impervious, 100% Zero Depression Impervious Area, Evaporation from temperature with reference to 

reference to NO LID option as mentioned above (1). 

Substantial total peak runoff reduction from entire catchment can be occurred for following LID 

control options with reference to NO LID option as mentioned above (1). 

i. with 80% Impervious Area, 80% Zero Depression Impervious Area, Bio-Retention Cell for

20% Area – Percentage of total peak runoff reduction is 46.18 %

ii. with 70% Impervious Area, 70% Zero Depression Impervious Area, Bio-Retention Cell for
30% Area - Percentage of total peak runoff reduction is 74.54 %

iii. with 60% Impervious Area, 60% Zero Depression Impervious Area, Bio-Retention Cell for

40% Area - Percentage of total peak runoff reduction is 97.83 %

iv. with 50% Impervious Area, 50% Zero Depression Impervious Area, Bio-Retention Cell for
50% Area - Percentage of total peak runoff reduction is 97.45 %

v. With 50% Impervious Area, 50% Zero Depression Area and 50% Area with Infiltration

Trench - Percentage of total peak runoff reduction is 98.30 %
vi. With 50% Impervious Area, 50% Zero Depression Impervious Area and 50% Area with Rain

Garden - Percentage of total peak runoff reduction is 36.61 %

vii. With 50% Impervious Area, 50% Zero Depression Impervious Area and 50% Area with

Vegetative Swale - Percentage of total peak runoff reduction is 35.66 %
viii. There may be numerous LID control options providing for certain part of each sub-catchment

area which may attain slight to substantial total peak runoff reduction with reference to No

LID option as mentioned in option (1) above.
ix. Weighted mean method and importance factor is adopted for calibration purpose.

x. Coefficient of determination, R
2
 and Nash-Sutcliffe Efficiency, NSE values confirm that

observed and SWMM simulated runoff results are in very good agreement

Thus, above results and conclusions are evident for highlighting that provision of various LID controls 

and BMP options even for certain part of each sub-catchment area can attenuate total runoff, total 

peak runoff  significantly. 
The obtained results of hydrologic cycle parameters including runoff of proposed Amaravati city are 

useful and necessary to provide efficient stormwater management measures and/or practices which 

will enable the considered proposed Smart city to implement as a Water Sensitive City for longer 
duration.  
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Abstract 

Flooding is an irresistible accumulation of water in an area from the combination of hydrological and 

meteorological extremes, such as excess precipitation and runoff. Hyderabad is the capital of Telangana state of 

southern India and is located on the banks of Musi River. According to researchers, Hyderabad’s vulnerability to 

floods stems from the gradual demolition of a natural flood protection framework along with the erratic weather 

patterns brought up due to climate change. Under the Greater Hyderabad Municipal Corporation, the latest urban 

area extends around 923 sq.kms. With such a population of 9.23 million, after New Delhi, it is India's third biggest 

city by area. Hyderabad witnessed several severe floods during the past two decades. Increase in population, 

industries, commercial establishments and rapid infrastructural development have put tremendous pressure on the 

urban water bodies of the city, reducing their area, quantity and quality. Improper urban planning, encroachment 

of water bodies, inadequate drainage, and frequent occurrence of extreme weather events and lack of preparedness 

are the major causes of flooding in Hyderabad. The present study is carried out to identify the flood vulnerability 

zones in Hyderabad City using Remote sensing and GIS technologies. Flood vulnerability assessment is carried 

out using Multi-Criteria Analysis (MCA) method, integrating inputs from Remote Sensing to the Geographical 

Information System (GIS) software. Elevation, population density, density of water logging sites, distance from 

water logging sites and from water bodies, are the thematic flood influencing layers considered. To assess the 

urban flood vulnerable area identification and zoning, the weighted overlay analysis approach was used. The 

cumulative flood vulnerability scores were created by the integration of the thematic layers and the total area was 

classified into 4 zones as low, moderate, high and very high. The corresponding zonal areas are 25.03%, 39.22%, 

22.23% and 13.52% respectively. The present assessment would help in getting a quick and precise overview of 

areas that are prone for flooding and vulnerability zones and therefore provide reliable information on flood in 

flood risk assessment.  This would be quite useful for urban planners, administrators, water managers, decision 

makers and disaster management authorities while preparing flood management plans and in adopting relief 

management strategies. 

Keywords: Flood, Vulnerability, Zone, Assessment 

1. Introduction

One of the most prominent types of environmental disasters are floods. The unpredictable coincidence 

of extreme meteorological factors causes floods by their nature, although anthropogenic activities also 

affect the magnitude and impacts of the events. Urban floods take place particularly in cities situated 

on plain and low-lying land, mostly because drainage systems are not accessible or poorly constructed 

or are being blocked by waste disposal and eroded soil matter. Flooding of roads and flooding of low-

lying areas are a frequent sight whenever it rains heavily in the city of Hyderabad. The tech hub 

experiences every time it is swept aside either as a natural phenomenon or as an inevitable consequence 

of the rapid growth. Historians claim that the founder of Hyderabad, Muhammad Quli Sutb Shah, and 

successive rulers of Qutb Shahi and Asaf Jahi, built and promoted a mechanism to prevent flooding 

even in the highest rainfall. The scheme consisted of a network of dams, lake-to-river channels, open 

spaces and marsh areas to draw in rainwater and stormwater drains. The city was built on the banks of 

the River Musi, which was the town's lifeline. In 1908, after devastating floods in Musi killed thousands 

of people, then Nizam government constructed new upstream reservoirs and created a new drainage 
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system to prevent floods from recurring. The water bodies, channels and drains of stormwater, 

commonly called as nalas, have been further upgraded. There was a very effective drainage system in 

Hyderabad city. The inflow and outflow channels discharge down the north and south basins into the 

Musi river whenever it used to flood. Because of the loss of those channels, water can't flow into the 

river. So, water is everywhere in low land areas. The water holding capacity was further diminished by 

the disposal of waste, including construction material. It is on roads and towns that the water bodies 

cannot hold water. Hydrological balance also had until 1970 and after that there was an alarming 

imbalance in the development, as people from all over the state began to come to the town. People 

began to migrate strategically or unconsciously into the city and transformed water sources into 

structures. Rising rainfall has exacerbated the adverse economic and human impacts in recent years, 

along with rapid changes in land use and development in flood-prone areas. Never have the effects of 

urbanization and rainfall-driven storm events been so devastating to local communities. In low-lying 

urban areas, where the degradation of stormwater infrastructure, population growth and development 

have intensified over the last few decades, losses from acute and recurrent floods have become 

particularly troublesome. An estimated 55.3 per cent of the population of the world lived in urban 

settlements in 2018. By 2030, 60% of people worldwide are expected to live in urban areas and one of 

every three people will live in cities with at least half a million inhabitants. Flood vulnerability is 

characterized by the interaction between each community's exposure, susceptibility and resilience in 

risk conditions. So, to make these cities as resilient should have a proper knowledge about flood prone 

areas to pre- and post-plan the events of Urban floods. A critical aspect of efficient urban planning and 

careful management of natural disasters is the detection of flood-prone areas. Flood vulnerability is 

affected by individual or group features on the basis of its ability to predict and cope with the impacts 

of floods. In the perspective of the environmental, social and economic ability to respond to flooding, 

the risks involved are quantified by vulnerability. The objective of the present study is to establish a 

framework for the assessment of flood-prone areas of the city of Hyderabad using the geographical 

information systems decision-making techniques.   The development and implementation of a Geo-

spatial Multi-Criteria Analysis (MCA) approach for the assessment of flood vulnerable zones is 

primarily discussed in this study 

2. Study Area

Hyderabad is an evolving mega city and one of India's fastest growing metropolitan cities. The city of 

Hyderabad was established in the year 1591 on the southern bank of Musi river, a tributary of Krishna 

river. Hyderabad is located at 170.36’ North latitude and 780.47’ East longitude. Hyderabad has a long 

historical legacy of rich culture and heritage. Hyderabad city is situated on the deccan plateau region in 

the Krishna basin area. At an average altitude of 536 meters above mean sea level, the city is situated. 

The civic body of governing Hyderabad is the Greater Hyderabad Municipal Corporation, the capital 

and largest city of the Indian state of Telangana. For the cities of Hyderabad and Secunderabad, it is the 

local government. In less than a century, under the Greater Hyderabad Municipal Corporation, the city 

developed from 55 sq.km to 625 sq.km (GHMC). Greater Hyderabad Municipal Corporation (GHMC) 

consists of 3 administrative areas Osmania University, Cantonment and BHEL and 150 municipal 
wards.   GHMC has a population of 9,482,000 with an average density of 10,477 people/km2 according 

to projections derived for 2018 based on data from the Census 2011 of 68,09,970. On the Deccan 

plateau, the city extended on a hilly, rugged, undulated landscape with various lakes and small rivers 

and streams pass through it. Study area map is shown in following Figure 1.  
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Figure 1 Study Area Map 

2.1 Urban Flooding a Case of Hyderabad 

Urban flooding varies greatly from rural flooding, urbanization increases the risk of flooding by up to 
3 times, and increased peak flow results in very rapid flooding. In addition, it impacts a significant 

number of people because of the high population density in urban areas. The city Hyderabad is 

composed of a network of catchment systems. Its western edge is in the Godavari River Basin, and its 
eastern edge is in the Krishna River Basin and in the center of the city, Hussain Sagar Lake. The river 

Musi flows through the connecting waters of many lakes in the city. Hyderabad is situated in the Deccan 

zone, where water does not flow in a single direction as the slope is in several directions, which has a 

chaotic drainage pattern. Significant floods observed in Hyderabad in 1908, 1954, 1970, 2000, 2001, 

2002, 2006, 2008, 2016 and 2020. Yet Hyderabad, like many other Indian cities, continues to struggle 

against repeated and increasingly intense flood events. Urban areas with impervious surfaces such as 

roads and buildings eliminate infiltration, reduce evapotranspiration, thereby drastically increasing 

surface runoff.  Hyderabad’s built-up cover has increased by 41% within 0-20 km of the city center and 

by 129% in the 20-50 km region between 2000-2015.  During rain events urban development including 

public infrastructure (bus depots, roads, metro rail, airports, etc.) located on low-lying areas 

(floodplains, lake beds) face increased flood risk.  

Telangana

India
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A study by the Centre for Science and Environment in 2016 found that 3,245 hectares of water bodies 

were lost in Hyderabad between 1989 and 2001. Increasing demand for residential zones, commercial 

and business establishments has led to extensive building activity near lakes, streams and wetlands. The 

flood cushion offered by these natural spaces has been lost and buildings in these areas face high flood 

risk. Climate change driven rainfall variability is increasing with rainfall equivalent to monthly/seasonal 

averages falling within a few days. Urban resilience, with a focus on effective flood mitigation and 

flood control, is still missing in the city’s development agenda. Furthermore, the probability of increased 

frequency and severity of extreme rainfall and flood events due to climate change is not yet an integral 

part of Hyderabad’s development story or disaster responses. The average annual rainfall of the city of 

Hyderabad is 803.0 mm. The rainy season in Hyderabad falls in the months of June to September and 

the dry seasons in January to April and December. On average, the wettest month is August and the 

driest month is December. Figure 2 shows the monthly average precipitation of Hyderabad in mm and 

Table 1 shows the Past flood events and corresponding impacts in GHMC Hyderabad. 

Figure 2: Monthly Average Precipitation of Hyderabad in mm 

Table 1 Past flood events and corresponding impacts in GHMC Hyderabad 

S.No Flood year Rain fall 

in mm 

Population Affected Fatalities Damage/ Property Loss in 

crores 

1. 
1908, 28-29

September 
431.8 

6,00,000 over 

15,000 

80, 000 houses and 

12.231  

2. 
2000, 23-24

August 
241.5 

2,00,000 and 90 

colonies submerged 
26 1.35 

3. 
2008, 8 -10 

August 
220.7 

1,50,000 
14 4.952 

4. 
2016, 20-21 

September 
215 

12,000 
7 1.00 

5. 
2020, 11-14 

October 320 

40,000 families 

98 5,000 

3. Data and Methodology

Remote Sensing and the Geographic Information System (GIS) are quite innovative and reliable spatial 

decision-making methods in flood risk evaluation and management. Real-time flood hazard monitoring, 

early warning and rapid damage assessment have improved greatly due to advances in remote sensing 

technology and geographic information systems.  
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GIS provides a variety of resources to model areas affected by floods and for determining or predicting 

areas vulnerable to flooding. Together with GIS applications, remote sensing technology has become a 

critical means of tracking floods in recent years. The spatial and Non spatial data required for this study 

are taken from various sources and are presented in the following Table 2 

Table 2: Details of the data and its sources used in this study 

Details of the Data used Source 

Elevation - SRTM DEM USGS Earth explorer 

Drainage block sites Greater Hyderabad Municipal Corporation, Research 

paper of Dr. S.Venkateshwarlu et.al 2018. 

Population Data  Census of India 2011 

GHMC administrative units and wards, roads, railway 

lines, streams, water bodies 

Greater Hyderabad Municipal Corporation, SOI 

Toposheets, Google Earth pro, Open street Map 

In this study the necessary thematic layers, database creation and spatial analysis of the study area are 
prepared using ArcGIS software. The Base Map Layers of Study are including GHMC Corporation 

boundary, GHMC Administrative wards layers, water bodies, streams, railway lines, major places, 

roads and water logging sites. For elevation data SRTM DEM of 30 m resolution is downloaded from 

USGS Earth Explorer. The population data is added to the feature attribute table of GHMC 

Administrative wards shapefile using spatial analyst join tool in ArcGIS and this shapefile layer is used 

to determine the influencing raster layers. Using Density tool in the ArcGIS Spatial Analyst toolbar 

Density of water logging sites are calculated using the water logging or drainage block sites. Distance 

from water bodies and drainage block sites are calculated using distance tool.  In order to Assess Flood 

Vulnerability Zones of Hyderabad City the following methodology is adopted and methodology flow 

chart is shown in Figure 3.  

Figure 3 Methodology Flow Chart 
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This study uses GIS-based Multi Criteria Analysis (MCA) to classify flood-vulnerable areas. Multi 

Criteria Analysis (MCA) is a systematic decision-making method designed to solve complex problems 

using different parameters involving the problem's qualitative, quantitative characteristics. MCA 

defines any systematic and structured method used to assess overall preferences among possible 

alternatives in order to rate them from the most important to the least relevant. Two methodologies, 

Score and weightage, are used by the MCA. Each decision factor that represents the degree of 

importance it brings to the decision is attributed to the score, while weighting is a bit comparable to 

ranking, but numerical scores are allocated to indicate the level of importance that has in the decision-

making. Flood Influencing thematic layers are chosen to represent the vulnerable zones with maximum 

damage and property loss. Table 3 represents the flood influencing thematic layer classes, applied 

weightages and vulnerability scores. 

Table 3 Urban flood influencing factor classes, applied weightage and vulnerability score 

S.No. Influencing Factor / Thematic 

Layer 

Weightage (%) Individual Classes Vulnerability 

Scores 

1 
Elevation (m above mean sea 

level) 
15% 

460 - 520 10 

521- 540 7 

541 - 560 5 

561 - 580 3 

581 - 620 2 

2 
Population density 

(persons/km2) 
5% 

1159 - 15000 2 

15001 - 25000 3 

25001 - 35000 7 

35001 - 45000 8 

45001 - 74459 10 

3 
Population density of female 

(persons/km2) 
10% 

541 - 10000 2 

10001 - 15000 3 

15001 - 20000 5 

20001 - 25000 8 

25001 - 35813 10 

4 
Population density of children 

(persons/km2) 
10% 

136 - 2000 2 

2001 - 4000 3 

4001 - 6000 7 

6001 - 8000 8 

8001 - 10490 10 

5 
Density of water logging sites 

(number per km2) 
30% 

0 - 0.12 3 

0.13 - 0.37 5 

0.38 - 0.64 7 

0.65 - 0.99 8 

1 - 1.46 10 

6 Distance from water logging (m) 25% 

0 - 500 10 

501 - 1,000 8 

1,001 - 2,000 7 

2,001 - 4,000 5 

4,001 - 20,102 2 

7 Distance from water bodies (m) 5% 

0 - 300 10 

301 - 600 8 

601 - 900 5 
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901 - 1,200 3 

1,201 - 4,571 2 

In accordance with their vulnerability to urban floods, the general and resultant influencing thematic 

raster layers are therefore reclassified to a vulnerability score on the scale 0-10 using the reclassification 

method in the Spatial Analyst toolbar in ArcGIS. A Multi-Criteria Analysis (MCA) methodology will 

integrate the reclassified thematic layers of influence. The weighted overlay analysis method was used 

to assess the detection and zoning of the urban flood vulnerable area. Based on their potential to affect 

urban flooding, the relative weight of individual themes in percentage was set and applied to the layers. 

Higher weight implies higher urban flood influence and vulnerability. In this process, the cumulative 

vulnerability scores of concluding integrated map was derived as the sum or product of the weight 

assigned to the various contributory thematic layers on the basis of their relative contribution to urban 

flood vulnerability. After that, via the subsequent map numerical equation 1, these layers are integrated 

using the Raster Calculator tool of the ArcGIS Spatial Analyst extension. 

Cumulative Vulnerability Score = (F1*W1) +(F2*W2) +(F3*W3) +…. (Fn*Wn) (1) 
where,  

F = Vulnerability score of Reclassified influencing factor 

W = The applied relative weight of each influencing factor. 

The resultant cumulative vulnerability then is reclassified into four classes and zones, such as: 

vulnerabilities that are low, moderate, high and very high. 

4. Results and Discussion

In order to achieve the objective of the Study the necessary spatial layers are prepared using various 

data sets and tools in ArcGIS software. Considering the Basic reference layers and factors influencing 

urban flooding, the basic map of the study area is prepared. Seventy Eight water logging or drainage 

block sites were mapped from map published by GHMC and from the research paper of Dr. 

S.Venkateshwarlu et. al. 2018. The thematic layers of base map are shown in Figure 4.

Figure 4 Base map of GHMC 
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Remote sensing data such as the Digital Elevation Model (DEM) is the most influential spatial data set 

for flood depth prediction, flood inundation mapping and monitoring studies. The SRTM DEM 

elevation data of 30 m resolution was used for this analysis. Furthermore, by editing the symbology 

properties of the raster layer, the DEM is classified into 5 classes to represent the elevation spatial 

distribution. Thus, it can be observed from the digital elevation model that the highest elevation is in 

the western region, while the minimum elevation is seen towards the southeast of the city. The average 

altitude of the city of Hyderabad is 542 meters and the core portion of the study area lies in the second-

lowest elevation range of 521–540 m above MSL. Elevation is one of the important Urban floods 

influencing factor hence 15% weightage is applied and vulnerability scores on scale 10-2 are assigned 

form lowest elevation to highest elevation as low-lying areas are more vulnerable to flooding. The 

Elevation map of GHMC is prepared and shown in Figure 5 

Figure 5 Elevation Map of GHMC 

The low-lying areas especially surrounding water bodies, rivers are not ideal for human settlement. As 

well as any development of the built-up area around these locations should be discouraged.   However, 
most of low land regions are already populated by a high population density. Hyderabad's population 

grew quickly, according to the census, from 3.05 million in 1991 to 3.64 million in 2001.  after the 

development of GHMC it reached 6.81 million in 2011. The population with the least socio-economic 

resources to deal with disasters is the most vulnerable to urban flooding. There were 2.29 million people 

living in slum and squatter settlements in which about   in Hyderabad according to the census of 2011. 

According to GHMC study report in 2012 there are 13,509 families directly vulnerable to floods in the 

GHMC region.  In 2015, the total area constructed for the urban agglomeration of Hyderabad increased 

to 86,535 ha. Due to continuous urban development the low-density areas that have converted to high-

density urban growth zones in the city which has high flood vulnerability.  The spatial distribution of 

urban flood influencing thematic layers such as population density, female population density, children 

population density are derived applying the weights of 5%, 10% and 10% respectively on 10-2 

vulnerability scale presented from Figure 6 to 8. 
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Figure 6 Population Density Spatial Distribution per sq km 

Figure 7 Female Population Density Spatial Distribution per sq km 
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Figure 8 Children Population Density Spatial Distribution per sq km 

Urbanization has taken up natural water sources and open spaces in order to facilitate construction and 

other commercial activities. The floodwaters transporting pathways joining one water body to another 

have also been occupied by private, government agencies, and their alliances. Flood vulnerability has 

further escalated due to blockage of the sewage system and deteriorating water bodies by dumping 

harmful wastes from residential, industrial and solid waste dumping yards. The various land use 

processes for economic development have seriously deteriorated and concretized the city's land. Which, 

however has led to increased water flow after mild rainfall. The depletion of water bodies has decreased 

the aquifers and the capability of the soil to serve as a rainwater absorber. In this regard, the most 

important flood vulnerability impacting factors such as the density of water logging sites, distance from 

water logging sites and distance from water bodies are calculated applying respective weights of 30%, 

25% and 5% on 10-2 vulnerability score are presented in Figure 9 to 11. It is evident from the results 

that the density of water logging sites is more at the central part of the GHMC region. 

Figure 9 Density of Water logging sites Spatial Distribution per sq km 

582



Figure 10 Distance from water logging sites 

Figure 11 Distance from water bodies 
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In this study to assess the urban flood vulnerable zones, the weighted overlay analysis method was used. 

Three conceptual phases consist of the weighted overlay process. First, to underscore the relative value 

of each layer in the study, each raster layer is given a percentage weight. Secondly, to allow comparison 

of the different types of information in each raster layer, the values inside each raster layer are ranked 

and then, thirdly, all raster layers are overlaid in the analysis. In the current analysis, based on the 

assigned rankings used in the reclassification, the seven reclassified raster layers are weighted and then 

combined. The ranking value of the individual raster cells is multiplied by the weight of the layer and 

is totaled by the values of the other raster cells it overlays. The cumulative vulnerability score generated 

ranged from 2.33 to 8.55 by integrating the thematic layers. The four vulnerability zones such as low, 

moderate, high and very high generated by classifying the cumulative vulnerability score are presented 

in Table 4 and the flood vulnerability zones map of Hyderabad city is shown in Figure 12. 

Table 4 Flood Vulnerability Zones in Hyderabad City (GHMC) 

S. No Vulnerability 

zones 

Cumulative Vulnerability 

Score 

Area (in 

Sq. Km) 

Area (in % of 

total) 

1 Low 2.3 - 3.35 151.05 25.03% 

2 Moderate 3.36 - 4.75 236.66 39.22% 

3 High 4.76 - 6.25 134.17 22.23% 

4 Very High 6.26 - 8.55 81.57 13.52% 

Total 603.44 100.00% 

 Figure 12 Flood Vulnerability Zones Map of Hyderabad City (GHMC) 

The Figure 12 shows that 25.03 % (151.05 Sq.km) of the total land area of the Municipal Corporation 

of Greater Hyderabad has a low susceptibility to urban flooding. In the moderately vulnerable urban 

flood zone, 39.22% (236.66 Sq.km) of the GHMC Area is situated.  
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In addition to the above observation, 22.23 % (134.17 Sq.km) of the city is classified in the 

'High' vulnerability urban flood zone and 13.52 % (81.57 Sq.km) of the Greater Hyderabad Municipal 

Corporation area is identified as 'Very Highly' vulnerable to urban floods. GHMC Wards under Very 

High and High Flood Vulnerability Zones are presented in Table 5.  

Table 5 GHMC Wards under Very High and High Flood Vulnerability Zones 

Flood 

Vulnerability Zone 

GHMC – Ward Name 

Very High Somajiguda, Ameerpet, Yousufguda, Boudhnagar, Vijaynagar Colony, Vengal Rao Nagar, 

Sanath Nagar, Langer House, Karwan, Red Hills, Jambagh, Mallepally, Gunfoundry, 

Kachiguda, Jubliee Hills, Banjara Hills, Venkateshwara Colony, Seethapalmandi, 

Mettuguda, Tarnaka, Gandhi Nagar, Addagutta, Khairatabad, Musheerabad, Ramnagar, 

Adikmet, Amberpet, Moghalpura, Lingojiguda, Talabchanchalam, Moghalpura, 

Champapet, Saroornagar, Kothapet, Santosh Nagar, Pathergatti, Golnaka, Nallakunta, 

Himayatnagar, Begum Bazar, Rein Bazar , Dabeerpura, Chawani, Lalitha bagh, Jambagh, 

I S Sadan, Shahalibanda ,Jahanuma, Falaknuma, Doodh Bowli, Puranapool, Goshamahal, 

Mangalhat, Attapur, Langer House, Bholakpur, Shaikpet, Dattatreya Nagar, Gowlipura, 

Pathergatti, Ghansi Bazar, Kurmagida, Golnaka 

High Hafeezpet, Madhapur, Serilingampally, Borabanda, Ramgopalpet, Bansilapet, Begumpet, 

Monda Market, Goutham nagar, Malkajgiri, East Anand Bagh, Mallapur, Nacharam, 

Baghamberpet, Hasthinapuram, R.K.Puram, Hayathnagar, Chaitaynapuri, Azampura, 

Akberbagh, Kanchanbagh, Barkas, Moosarambagh, Chandrayagutta, Jangamet, 

Ramnasthpura, Kishanbagh, Tolichowki, Mehdipatnam, Chandanagar, Gudimalkapur, 

Uppuguda, Kondapur, Baghamberpet. Gachobowli, Golconda, Asif Nagar,  

Together, the very high and highly vulnerable areas accounted for 35.75 percent of the total area of 

GHMC. The GHMC Ward areas fall under high and very flood vulnerability zones are characterized 

by low-lying areas, paved surfaces, residential, commercial, educational, and administrative centers.  In 

addition, also consists of catchments of lakes and the Musi River.  Hence these highly populated and 

urbanized areas are more vulnerable to urban floods than other locations even in short and moderate 

rain events and may account for great flood damage. In time of flood the small lanes and roads become 

'rivers' when heavy rains occur due to depressions, cyclones and bursts of cloud leading to traffic, power 

supply disruption, property damage and even human deaths. Rapid changes in hydrogeological 

characteristics and land use, open waste dumping, concretization due to the built-up area, population 

growth and the disruption of natural water channels are the major causes of urban flooding in Hyderabad 

city in the recent years. There is an urgent need for establishing integrated flood management system 

considering systematic control of hydrological system, along with sustainable land management The 

flood vulnerability maps derived from this study will provide insight and emergency services, a 

powerful tool for determining flood risk. 

5. Conclusion

Flooding is one of the major disasters that affect the prosperity, wellbeing and comfort of the occupants 

of human settlements. Urban flooding is a universal challenge that has and will continue to cause 

destruction and economic losses. Overloaded drainage, ferocious as well as uncontrolled development, 

buildings designed not owing much attention to the environment and hydro-geomorphology are leading 

to the flood damage in the study area.  Addressing such factors appropriately in the formulation of 

strategies will minimize vulnerability and enhance public capacity to cope with potential flooding. A 

vulnerable flood map could provide a critical flood risk assessment tool for policymakers, 

administrators and emergency services. In this study the urban flood vulnerability zonation map of 

Hyderabad city is prepared using Remote sensing and GIS based Multicriteria Analysis (MCA) decision 

making. The present study has taken considering basic baseline data on elevation, population, water 

bodies and water logging sites to assess flood vulnerable areas in GHMC region. In addition to this 

further detailed flood risk assessment can also be done using the other decision criteria’s like rainfall, 
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drainage, land use, land cover and soil geology. In this study, the vulnerability maps produced will 

provide data that can contribute to disaster impact mitigation through efficient and environmentally 

responsible practices of land management. The locations identified under very high and high flood 

vulnerability zones in the present study can help the GHMC, HMDA authorities for improving the 

drainage systems and to develop pre- and post-urban flood management strategies.  
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Abstract 

A reservoir is an important part of water resource system. In present era, reservoir sedimentation is a vital 

problem which causes loss in their storage capacity potential because of silt load for short or long period of 

time. Periodic assessment of the sediment deposition pattern, evaluation of available storage capacity of 

reservoirs, irrigation canal, hydropower systems should be taken as basic importance for water resources 

planning and land & water management system. By use of remote sensing image data in combination with a 

quantum geographic information system (QGIS), the temporal change in water-spread area can be analysed to 

evaluate the total deposition of sediment is 342.71 MCM, sedimentation rate is 7.53 MCM per year and 

percentage loss of capacity is 17.19% from 1975 to 2019 in Tawa reservoir situated in the year 1974 in 

Hosangabad district, Madhya Pradesh state, India. The QGIS tool provided efficient results in assessment of the 

reservoir revised capacity. 

Keywords:   NDWI, QGIS, Reservoir Siltation, Revised Capacity, Water Spread Area 

1. Introduction

The In India the total live storage capacity of completed medium and large dam is about 253 BCM i.e. 

37 % of the evaluated usable water surface resource, almost 50% dams are 50 years older. An 

estimated 1% reduction in the total capacity of world’s reservoir due to sedimentation is observed 

every year (CWC, 2015). To evaluate the silt deposition pattern in a supply, deliberate limit 

overviews are led occasionally. The act of sedimentation study of stores in India goes back to 1870. In 

any case, orderly studies began distinctly in 1958 when the Central Board of Irrigation and Power 

attempted a significant plan of supply sedimentation overviews and 28 significant reservoirs were 

surveyed, (CBIP, 1981). The most widely recognized conventional strategy (hydrographic survey) 

utilizes direct in-situ estimation of the reservoir bed profile. A hydrographic survey requires broad 

hands on work, expensive hardware and gifted labour. In India, hydrographic reviews utilizing an 

echo-sounder along extend lines have been received in many examinations. The utilization of hi-tech 

strategies for hydrographic survey utilizing satellite-based worldwide situating frameworks and 

modernized techniques for information assortment and analysis is growing. The information got from 

echosounder overviews is consequently logged in a computer, altered and the volume of 

sedimentation can be determined. Another strategy, the inflow-outflow method, including estimation 

of residue in inflow and surge from a store, is utilized uniquely in not many occasions. The numerical 

models that have been created for this reason incorporate HEC-6, GSTARS, FLUVIAL, TABS, etc. 

(Morris & Fan, 1997). With the coming of remote sensing technology, it has gotten helpful and far 

more affordable to survey the sedimentation rate in a supply. Endeavors are being made to show the 

soil erosion process utilizing remote sensing and geographical data frameworks. (Jain & Kothyari, 

2000; Baban & Yusuf, 2001; Jain & Goel, 2002).  

The efficient use and management of available water in the reservoirs is the demand of time. 

Day by day the uncertainty of climatic changes and increasing population, creating pressure 

in reservoir. Hence the critical assessment of sedimentation in a reservoir became essential, 

so that proper planning for available water storage and if any catchment area treatment 

needed can be implemented in time. In this study an attempt is made to evaluate the deposit 

sedimentation volume and the sedimentation rate in reservoir using Remote sensing and GIS 

techniques. 
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2. Materials and Methods

TextThe present study is doing for Tawa reservoir is a reservoir on the Tawa River in central India. It 

is located in Itarsi of Hoshangabad District of Madhya Pradesh state, above Betul district. The 

reservoir was formed by the construction of the Tawa Dam, which began in 1958 and was completed 

in 1974. It is nearly 25 km from Itarsi town, and about 120 km from Bhopal. It provides irrigation in 

Hoshangabad and Harda districts in about 2.40 lakh hectares. The reservoir dam site latitude is 

22
0
33’44” N and longitude is 77

0
58’38” E. Catchment area of dam site 5982 km

2
. Maximum water 

level is 356.69 m. Full reservoir level is 355.39 m. Minimum drawdown level is 336.8 m. Dead 

storage level is 334.25 m. Live storage capacity is 1977.29 Mm
3
. Gross storage capacity at full 

reservoir level is 2311.54 Mm
3
. Surface area is about 225 km

2
.  

Figure 1 Study Area Tawa Reservoir 

Geologically, the whole Tawa watershed basin contains distinctive lithological developments 

which include Vindhyan sandstones, Basalt, late alluvium stores and a few patches of Banded 

gneisses complex (BGC) extend in age from Archean to Quaternary are uncovered in the 

region. The agricultural zone covers practically 90% of zone of the watershed area. In the 

watershed area huge scope farming editing is going there, on account of prolific alluvium and 

great water system sources. Wheat and gram are the primary harvests developed during Rabi 

(winter) season. Soybean, Rice, Mustard and Groundnut are the developed in Kharif (summer 

season). The Tawa River channels region is 2310 km2. In climatic perspective study area is 

described by 
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sweltering summer and equally conveyed precipitation during SW monsoon. Yearly mean 

most extreme and least temperatures are around 330C and 19.40C separately. The study 

region gets about 1170 mm rainfall on a normal for each year as assessed from most recent 

five years (2011-15) rainfall data (IMD, New Delhi). The monsoon rainfall represents 80% of 

the yearly rainfall. The basic principle of the remote sensing method is as follows. Due to 

deposition of sediment, the surface area of a reservoir at a given water level or elevation will 

progressively reduce. Most reservoirs are subject to annual drawdown and refilling cycles. A 

series of remote sensing images covering a range of reservoir water levels (over one or more 

water years) can therefore be obtained. These images are analysed to determine the surface 

area of the water body at the time of the satellite overpass on different dates. The water 

surface elevation in the reservoir at that time is obtained from the dam authorities. The 

incremental reservoir storage capacity between the two levels can be computed by the 

prismoidal formula and an elevation–capacity table can be prepared. By comparing this table 

with a previous table it is possible to compute the capacity lost during the intervening period. 

3. Results and Discussions

Each and every water pixel area of various elevation put into an excel sheet for computation 

of revised spread area and applied prismoidal formula to compute revised capacity of the 

reservoir. A graph has been made between reservoir elevations and revised spread areas. 

After calculating the water pixel area, revised water spread at 337.5 m and 355.54 m have 

been computed as 24.65 km
2
 and 200 km

2
 respectively. Using revised water spread areas, the

revised cumulative capacity and percentage loss in gross storage at different levels have been 

computed 

Table 1 Elevation Area Volume for the Tawa Reservoir 
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Table 2 Revised Capacity for the Tawa Reservoir 

The results show that the revised capacity in the zone under consideration (between elevation 

337.29 m and 355.54 m) is 1634.58 M.m
3
, while the original capacity was 1973.79 M.m

3
.

Thus, it can be inferred that 339.21 M.m
3
 of the capacity has been lost to sedimentation in the

zone in a period of 45 years (1974—2019). The year 1974 was not considered because the 

impoundment of the dam in that year was only up to 334.25 m. Thus, the rate of 

sedimentation in the reservoir is calculated as 7.53 M.m
3
/year.

4. Conclusions

After analysing the reservoir sedimentation using Remote sensing and GIS techniques It was 

concluded that 342.71 MCM of gross storage of Tawa Reservoir has been lost in last 45 years 

(1974—2019). If the rate of sedimentation in the reservoir is assumed to be constant over the 

period of 45 years, the rate of silting may come out as 7.53 MCM/year Remote sensing 

techniques can be used as a cost- and time effective tool to estimate capacity loss. The major 

limitation of the remote sensing-based approach is that the revised capacity below the lowest 

observed and above the highest observed reservoir water levels cannot be determined. It is 

only possible to calculate the sedimentation rate within the zone of fluctuation of reservoir 

water level. 
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Abstract 

Prediction of precipitation is an ever eluding problem in the field of Hydrology and Water 
Resources Engineering. For a country like India whose economy largely depends on 
agricultural, this problem becomes even more serious. Since ancient times there were 
attempts made to predict precipitation over a catchment or a region or a country as well with 
leading time of few days to few months as well. However accurate prediction of precipitation 
on local or regional level for daily, monthly or even yearly basis is not fully accomplished. 
The present work is an attempt to estimate precipitation on monthly and yearly basis for the 
City Pune in India using data driven technique of Support Vector Regression (SVR). 
Meteorological parameters like cloud cover, vapour pressure and temperature measured over 
a span of 100 years are used to develop a SVR based precipitation model. Accuracy of the 
model is assessed by the value of coefficient of correlation between model predicted and 
observed precipitation. The SVR Model trained for the monthly data gives better fit for 

precipitation when compared to the model trained for annual data. 

Keywords: Support Vector Regression; Precipitation estimation, Data driven technique. 

1. Introduction

The climatic changes occurring throughout the globe due to global warming are greatly affecting our 
ecosystem. India is a land of vast Geographic extent and varied topography, with wide range of 
weather conditions. It is a climatically diverse country in the world consisting of snow and glaciers in 
the North, arid deserts in the West, and humid tropical regions in the Southwest and the island 
territories. Due to India's varied topography, the amount of rainfall varies from heavy to scanty on 
different parts which makes its generalization difficult. High degree of uncertainty rises due to this 
spatial and temporal variation in the amount of rainfall.However uncertain and irregular the rainfall is, 
it serves as a very inevitable part of our water cycle and plays a vital role for the Mother Nature. Due 
to its involvement in our day to day life, precipitation predictions prove to be of great use. Accurate 
rainfall prediction is required for weather forecast, stream flow prediction, flooding risk analysis, etc. 
Climate prediction is useful for disaster reduction and prevention making it important. Precipitation 
and temperature predictions are the two most important elements for climate forecast system where 
accuracy is its soul. 

Rainfall varies with environmental conditions like solar cycle, variation in humidity, wind directions, 
temperature anomalies, etc. However, there are certain periodicities in its long-term behavior which 
makes its prediction possible. Rainfall prediction is practiced since ancient times. 

(the sun gives birth to rain)," reads a line from the 
Brihatsamhita. This line is written by astrologer-mathematician Varahamihira of Ujjain in sixth 
century. The line shows a deep understanding of cloud formation and rain. In ancient times, clouds 
have always been the key indicators of weather. Long before satellites began mapping the earth, 
weather forecasting was based on information given in ancient texts and local knowledge. The 
Upanishads, composed during 700-300 BC, contains discussions on cloud formation. A 10th/11th 
century savant, Bhadali, from the Saurashtra region, wrote songs on 10 meteorological indicators of 
the "ethereal embryo" of rain: clouds, winds, lightning, colors of the sky, rumblings, thunder, dew, 
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snow, rainbow and an orb around the sun/moon. Traditional methods of weather forecasting, were 
based on meteorological, biological and astronomical indicators. There are enough examples to 
corroborate this. 

Sivaprakasam and Kanakasabai (2009) described that the traditional forecasting was based on 
observations and experience using combinations of plants, animals, insects, meterological and 
astronomical indicators, and almanacs or panchangs over a period of time. In addition to these 
indicators, position of stars, the position and motion of Jupiter, the rising and setting and motion of 
the Venus and the natural and unnatural aspects of the Sun can also be used to ascertain the future of 
agricultural prospects of the land and forecasting rainfall (Srinivasan 1975). Iyer (2017) presented a 
study where, the rainfall calculations by one of the traditional methods of AkshayaTritiya was 
compared with the actual rainfall over Govardhan Eco village at Wada for 6 years. He used wind 
direction as the basic predictors for his study. Comparision of result indicated that the values were 
same for both the processes. Angchok and Dubey (2006) presented a similar study based on the 
traditional Tibetan Lotho (Tibetan almanac) and the predictions made by the study were found hand in 
hand with the predictions made by metrological department through modern techniques and 
procedures, thus suggesting that the ancient approaches of forecasting rainfall cannot be overlooked. 

Advancement in science made ways for the newer techniques and these traditional methods were 
replaced by mathematical and stochastic methods. The power of computers is now used to make a 
forecast. Forecast models that are Complex computer programs, run on supercomputers and provide 
predictions on many atmospheric entities such as temperature, pressure, wind, and rainfall. Vladimir 
Vapnik and his colleagues developed a popular machine learning tool for classification and regression 
known as support vector machine (SVM) analysis in 1992. SVM regression is considered a 
nonparametric technique because it relies on kernel functions. A kernel helps us find a hyperplane in 
the feature space without increasing the computational cost. This feature space is also known as 
higher dimensional space and it is shown below in figure 1. Generally, increase in the dimensions of 
the data, increases the computational cost. This increase in dimension is required when we are unable 
to find a separating hyperplane in a given dimension and are required to move in a higher dimension. 

lrf)ut Space Feature Space 

Figure !Feature Space 

SVR have been applied successfully to solve numerous problems in classification and regression. 
Trafalis et al. (2005) utilized Artificial Neural Networks (ANNs), standard Support Vector Regression 
(SVR), Least-Squares Support Vector Regression (LS-SVR), linear regression (LR) and a rain rate 
(RR) formula that meteorologists use, to estimate rainfall. During this study it was found that, the LS
SVR was the most accurate method. The LS-SVR outperformed the ANN by over 50 percent in the R

2 
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statistic and over 27 percent in MSE reduction. The SVR method followed closely behind in accuracy. 
For rainfall detection, the SVR method had an advantage over ANNs. Its usability was close to 25 
percent larger than the ANN and the accuracy was improved by 14. 7 percent. Samui et.al (2011) used 
Support Vector Machine (SVM) and Relevance Vector Machine (RVM) for prediction of rainfall in 
Vellore (India). SVM is firmly based on the theory of statistical learning theory whereas the RVM is a 
probabilistic basis model. Tarun et al. (2019) performed qualitative analysis using classification 
algorithms like Support vector machines (SVM), Artificial Neural Networks, Logistic regression on 
the dataset taken from hydrological department ofRajasthan in order to qualitatively predict rainfall. 
Final result showed that the ANN was able to yield an accuracy of 87% while the other algorithms 
reached a maximum accuracy of 86%. Chen et al. (2010) proposed a two-step statistical downscaling 
method for projection of daily precipitation. The first step was classification to determine whether the 
day was dry or wet, and the second was regression to estimate the amount of precipitation conditional 
on the occurrence of a wet day. For these two methodologies were used, one methodology was 
support vector machine (SVM), including support vector classification (SVC) and support vector 
regression (SVR), and the other was multivariate analysis, including discriminant analysis (for 
classification) and multiple regression. The comparison of downscaling results in the Shih-Men 
Reservoir basin in Taiwan revealed that overall, the SVM reproduced most reasonable daily 
precipitation properties. 

1.1 Support vector regression (SVR) 

A brief introduction to theoretical basis of EMD is provided in this section. In s-SVM regression, the 
set of training data (xn) includes predictor variables and observed response values (yn)- The goal is to 
find a function fix) that deviates from Yn by a value no greater than s for each training point x, and at 
the same time is as flat as possible where s is a marginal error. SVR is a powerful algorithm that 
allows us to choose how tolerant we are of errors, both through an acceptable error margin (s) and 
through tuning our tolerance of falling outside that acceptable error rate. It specifies the epsilon-tube 
as shown in figure 2 within which no penalty is associated in the training loss function with points 
predicted within a distance epsilon from the actual value. 

Figure 2 Epsilon Tube 

Considering a set of training data{(x1, y1), .... , (xt, Yt)}, where each xi c Rn denotes the input space
of the sample and has a corresponding target value Yi c R for i=l, ... ,1 where 1 corresponds to the size 
of the training data. The idea of the regression problem is to determine a function that can 
approximate future values accurately. The generic SVR estimating function takes the form: 

f(x) = (w · <l>(x)) + b) 
(1)
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Our goal is to find the value of w and b such that values of x can be determined by minimizing the 
regression risk: 

Where L(·)is a cost function,Cis a constant and vector w can be written in terms of data points as: 

By substituting equation (3) into equation (1), the generic equation can be rewritten as: 

-e 

= Icai - a/)k(Xj,X) + b 
i=l 

In equation (4) the dot product can be replaced with functionk(xi,x), known as the kernel function. 
Kernel functions enable dot product to be performed in high-dimensional feature space using low 
dimensional space data input without knowing the transformation <P. 
All kernel functions must satisfy Mercer's condition that corresponds to the inner product of some 
feature space. The radial basis function (RBF) is commonly used as the kernel for regression: 

The E -insensitive loss function (Vapnik 1995) is the most widely used cost function. The function is 
in the form: 

L(f(x) _ y) = f lf(x) -yl - E ,

lo 
for lf(x) -yl � E

otherwise 

This defines anE tube so that if the predicted value is within the tube the loss is zero, while if the 
predicted point is outside or on the margin of the tube, the loss is the magnitude of the difference 
between the predicted value and the radius of the tube. This can be easily understood by studying the 
figure 2 of epsilon tube. 

SVM is powerful for generalizing any given datasets and approximating any training data. The 
complexity in terms of kernel affects the performance on new datasets. SVM supports parameters for 
controlling the complexity and above all SVM does not tell us how to set these parameters and we 
should be able to determine these Parameters by Cross-Validation on the given datasets. Figure 3 
given below gives a better illustration of complexity in SVM. 

R (f) = C L(f(xi)− yi)
ℓ

+
1
2
‖w‖ (2)
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Figure 3 Error v/s Complexity 

In the present study, the effort has been made to predict monthly precipitation by using data driven 
technique of Support Vector Regression and parameters like cloud cover, temperature and vapour 
pressure as an input data. 

1.2Study areaand data 

1.2.1 Study area

For this study, Pune city (Latitude: 18° 31' 10.45" N and Longitude: 73° 51' 19.26" E) is considered. It 
is the second largest city of Maharashtra state. As one of the most competitive areas of Maharashtra, 
Pune city has superior natural conditions and a good economic foundation, with good development 
potential, so rainfall forecasts have significant values in Pune. Location map of Pune city is given in 
figure 4. 

1.2.2Data 

Figure 4Location map of Pune city 

The data set used to validate SVR model is the monthlyprecipitation data where vapour pressure, 
temperature and cloud cover data are used as an input. This data set is obtained from 
www.indiawaterportal.org for the years 1901 to 2002 for Pune city.The following 71 years from 
1901 to 1971 are used for modelling and the following 31 years from 1972 to 2002 are used for 
prediction. 
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2. SVRmodel

After obtaining the average monthly data, model was built in R programming language for predicting 
precipitation on monthly basis by Support Vector Regression. Many trials were performed using all 
three kernels (Polynomial, Radial and Sigmoid) to find the optimum value of Cost, Gamma and 
Epsilon so that maximum value of coefficient of determination (R

2
)can be obtained. The predicted

values of the model were then compared with the obtained values. Further to access the quality of the 
result obtained and the accuracy of the model, coefficient of efficiency and root mean square error 
was calculated for all the three kernels. 
• The developed model was tuned to find the optimum values of Cost, Gamma and Epsilon so that

maximum value ofR2 can be obtained.
• Values of Precipitation, water vapour, temperature and cloud cover were available for 102 years.

Thus there were total 1224 (102 x 12) values (monthly values) available for each entity.
• Out of these values 70% values (857) were used as training data for the model and testing was

done on remaining 30% values (367).
Table 1 gives the range of parameters used in the above model for prediction. 

2.1 Model assessment 

The coefficient of efficiency (E), root mean square error and coefficient of determination (R2) 

between the observed and predicted precipitation were calculated to judge the accuracy of model 
prediction. Results were assessed by plotting the graphs between observed and predicted precipitation. 

2.1.1. Coefficient of Determination (R2) 

The coefficient of determination (R
2) is used for accessing the statistical models whose main purpose

is either the prediction of future outcomes or the testing of hypotheses, on the basis of other related 
information. It provides a measure of how well observed outcomes are replicated by the model. R

2 
is

given by the following formula: 

2.1.2. Coefficient of efficiency (E) 

The Coefficient of efficiency E, is used to quantitatively describe the accuracy of model output. 

2.1.3. Root Mean Square Error (RMSE) 

RMSE measures the average magnitude of the error. It's the square root of the average of squared 
differences between prediction and actual observation. 

Table 1 Range of Parameters

Sr. N0. Parameter From To 

1 Cost 0.001 10 

2 Epsilon 0.1 1 

3 Gamma 0.1 1 
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Where, yi= observed value of the i-th sample, 

y'i is the predicted value (modelled value) of the i-th sample 

and N is the number of observations. 

3. Results

The graphs in the figure 5, 6 and 7 shows the variation ofR
2 

with the optimized value of cost, epsilon 
and gamma for Polynomial, Sigmoid and Radial kernel respectively. In this iteration, the values of 
cost were varied from 0.1 to 1. The values of epsilon were varied from 0.1 to 1 while the value of 
gamma were varied between 0.1 and 0.2. All these values were varied in the step of0.l. 

Comparison of these graphs shows that though sigmoid kernel gives the huge variation in the value of 
coefficient of determination (R

2
), the maximum value ofR

2
is obtained by Radial kernel. 

Figure 5 Variation of R
2 
using Polynomial Kernel for Monthly Prediction

Figure 6Variation of R
2 
using Sigmoid Kernelfor Monthly Prediction 
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Figure 7Variation of R
2 
using Radial Kernel for monthly prediction

Graphs showing the comparison between the observed values of precipitation and the predicted values 
of the 30% test data by all the three kernel are given in figure 8, 9 and 10: 

Figure 8 Precipitation Comparison using Polynomial Kernel for monthly prediction

Figure 9Precipitation Comparison using Sigmoid Kernel for monthly prediction
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The table 2 shows that the maximum R2 
= 0.68032 (i.e. R=0.824) is obtained for Radial kernel when 

cost=0.4, e=0.1 and gamma=O. 1. When the tables 2 and 3 are observed it is seen that the Sigmoid 
kernel performed better as compared to the other two kernels. It gave maximum value of Coefficient 
of Efficiency (0.64) and have minimum root mean square error of 104.2. 

From the figures and tables, we can see that for forecasting monthly rainfall, radial is preferable based 
on the values of coefficient of determination. Values of coefficient of efficiency and root mean square 
error are also quite reasonable for radial kernel. 

4. Conclusion

Rainfall forecasts play an increasingly important role in better water management and flood control, 
but it is impossible to describe the rainfall processes concisely and completely because of the inner 
complexity of the underlying physical laws. Results obtained by the present model gave satisfactory 
results and can be used in future for forecasting business. 

Figure 10 Precipitation Comparison using Radial Kernel for monthly prediction

The table 2 shows the highest values of R2 obtained by carrying out the iterations using all the three 
above mentioned kernels for monthly prediction of precipitation. The highest value of R2 and its 

corresponding values of cost, epsilon and gamma are highlighted in bold letters. 

Values of coefficient of efficiency (E) and root mean square error (RMSE) are also calculated for all 

the three kernels and the results obtained are shown in table 5.2 and 5.3 respectively. 

Table 2Comparison table of R2 for monthly prediction

Kernel Cost e Gamma R
2
 

Polynomial 0.6 0.5 0.1 0.628162 

Radial 0.4 0.1 0.1 0.680325 

Sigmoid 0.1 0.1 0.1 0.665738 

Table 3Comparison table of Efor monthly prediction

Kernel Coefficient of Efficiency (E) Root Monthly Square Error(RMSE) 

Polynomial 0.53 120.2 

Radial 0.62 107.9 

Sigmoid 0.64 104.2 
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Abstract 

One of the oldest irrigation canal systems in India commissioned as far back as 1854-55 on mighty Ganga River 
is Upper Ganga Canal (UGC). The command area spreads into the districts of Uttar Pradesh and Uttarakhand 
and irrigates nearly 9,000 km² of fertile agricultural land. The existing cropping pattern may not utilize the 
available resources due to poor economic efficiency that result in less water discharge in main stream of river 
Ganga. Therefore, an attempt has been made to optimize the net benefits under existing land and water resources 
using an evolutionary algorithm Teaching Learning Based Optimization (TLBO) method. It was revealed 
through the results that under the optimal cropping pattern, 1.2 % increment is obtained in net profit with 7.3 % 
reduction in water consumption.   

Keywords: Upper Ganga Canal, Water Management, Optimal Cropping Pattern, Teaching Learning Based 
Optimization (TLBO)  

1. Introduction

The Upper Ganga Canal system is the oldest and largest perennial canal system commissioned in 
1854 and irrigation was started in 1955 after getting approved from Lord Hording, the Governor 
General in 1848 (Mishra et al. 2013a) in the state of Uttarakhand (formally under the political 
boundary under the state Uttar Pradesh). The canal irrigates nearly 9,000 km² of fertile agricultural 
land under the Doab region between the river Ganga and the Yamuna and covers the agricultural land 
in the districts (Haridwar, Saharanpur, Muzaffarnagar, Meerut, Ghaziabad, Bulandshahr, Gautam 
Buddh Nagar, Aligarh, Hathras, Mathura, Agra, Etawa and Firozabad) of Uttarakhand and Uttar 
Pradesh  (Matta 2014; Matta et al. 2015). The design head discharge capacity of the canal is increased 
sporadically to meet the user demand. Initially the head discharge of 6,750 cusecs capacity (192 m3/s) 
which in 1938 and 1951-1952 was increased to 8,500 cusecs (242 m3/s) and 10,500 cusecs (300 m3/s), 
respectively. The modernization of the system in 1995 proposed enhanced productivity (9.0 t/ha/year). 
While the literature revealed the average productivity in the command during 2000-01 is reported 
only to be 4.7 t/ha/year (Agnihotri 2003). The pictorial representation of Upper Ganga Canal (UGC) 
command area is shown in Figure 1.  

The continuous rapid increase in the population imposed a substantial burden of agricultural and 
water resources. Sivanappan (1995) also reported the decreasing trend of water availability for 
irrigation. The population growth of the catchment area during the twentieth century also manifest in 
form of substantial changes in the land use land cover in the states. In 1972, the catchment area was 
covered by water (2.69 %), vegetation (26.91 %), agriculture (65.14 %), barren land (4.66 %) and 
urbanization (0.59 %) which changes significantly in 2011, with water (0.50 %), vegetation (14.40 
%), agriculture (48.52 %), barren land (0.61 %) and urbanization (35.97 %) (Mishra et al. 2013b). So, 
in order to utilize the existing recourses in the sustainable manner, it is necessary to optimize the 
available land and water resources for their maximum utilization.  

The ‘Teaching–Learning-Based Optimization (TLBO)’, a population size and number of generations 
dependent, nature based optimization method is in great demand in the scientific community due to its 
high potential in solving the optimization problems. TLBO process consists of the ‘Teacher Phase’ 
(learning from the teacher) and ‘Learner Phase’ (learning by the interaction between learners) (Rao et 
al. 2011). TLBO having some additional pros over the other existing population based optimization 
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algorithms such as Evolutionary Algorithms and Swarm Intelligence based algorithms. Both the 
nature inspired population based optimization algorithms are efficient but their performance is subject 
to the accuracy of some other algorithm-specific parameters such as mutation rate and crossover rate 
which are crucial for Genetic Algorithm (GA) (Aruna and Kalra 2017). As no algorithm specific 
parameters is required to optimize with TLBO, its efficiency and accuracy outperformed many 
existing optimization algorithms such as the Genetic Algorithm (Holland 1975), Differential 
Evolution (DE) (Storn and Price 1997), Artificial Immune Algorithm (AIA)  (Farmer et al. 1986), 
Particle Swarm Optimization (Kennedy and Eberhart 1995), Artificial Bee Colony (Karaboga 2005; 
Basturk and Karaboga 2006), Evolution Strategy (ES)  (Runarsson and Yao 2000), Ant Colony 
Optimization (Dorigo et al. 1991), Bacteria Foraging Optimization (BFO)  (Passino 2002) etc.  

In the present study, an attempt has been made to optimize the land and water resources of UGC using 
TLBO algorithm so that net benefit will be maximize and consumption of water will reduce for rabi 
season. The study outcomes also optimize the cropping pattern in the catchment leads to the increase 
in the water levels in the main stem of river Ganga downstream to the Bhimgoda barrage. The 
additional releases are reasonably profitable for the sustenance of ecosystem services and to restore 
and conserve the natural habitats and biodiversity of river Ganga.  

Figure 1 Upper Ganga Canal (UGC) command area 

The area covered under the cultivation of the crops and net returns obtained per unit area are 
mentioned in Table 1 while the values of average monthly water supply through Bhimgoda barrage to 
UGC are presented in Table 2. 

Table 1 Current cropping pattern and net return 

Sr. No. Crop Area (ha) Net Profit (Rs/ha) 
1 Pea 849.4 (0.25%) 12,261.7 
2 Potato 35,570.8 (10.3%) 30,421 
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3 Mustard 30,760.6 (8.9%) 25,521 
4 Wheat 262,027 (76.0%) 27,698 
5 Barley 7,829.8 (2.3%) 20,232 
6 Gram 5,341.2 (1.6%) 15,646 
7 Lentil 1,525 (0.45%) 23,475 
8 Maize 30.6 (0.009%) 6,273 

Table 2 Average monthly discharge of UGC 

Sr. No. Month Discharge (Cusec) 
1 November 7,345 
2 December 7,090 
3 January 6,847 
4 February 6,402 
5 March 5,476 

2. Data collection

The net returns were calculated by subtracting the production cost of the crop from the gross profit 
received due to yield and the crop price. All the essential expenditures were taken into consideration 
in calculation of the production cost such as cost of seeds, chemical, fertilizer and water, field 
preparation, manpower and harvesting etc. The data related to crop production, related expenditures 
and net profit was taken from the database of Directorate of Economics and Statistics, GoI while 
discharge data was taken from for the duration between 1995 to 2010 from Central Water 
Commission (CWC), GoI. 

3. Experimental design

Reference crop evapotranspiration was calculated using the Cropwat 8 software while crop 
evapotranspiration was calculated by the following relationship: 

��� =  ��� ∗  �� (1)            

where ��� is reference evapotranspiration (mm per day) and Kc the crop coefficient. Kc value is 
taken from Food and Agriculture Organisation (FAO), UN.  

��� =  ��� − ��                   (2) 

where NIR is the net irrigation requirement of crop (mm), Pe the effective rainfall (mm) 

��� =  ���/��                     (3) 

Where GIR is gross irrigation efficiency and �� is efficiency of canal system that is 60% ( MoWR, 
RD&GR 2019). 

To enhance the net benefits TLBO algorithm was used. The flow chart of the TBLO methodology is 
presented in Figure 2. The allocation of the land under the command area for various crops was 
optimized by the model to maximize the net returns while the only limiting factor is the availability of 
canal water and land area for different crops of rabi season.    

 Maximizing the net benefit from cultivation of crops.

Maximize ∑ ������                 (4) 

where ��� is the net benefit obtained after cultivation of ith crop and �� is the area in hectares 
allocated to ith crop 

 Total water available for irrigation is taken as a constraint.
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Figure 2 Teaching Learning Based Optimization (TLBO) flow chart 

∑ ������ ≤ ��� �      (5) 

              where TWR is the total water availability and NIR is the net irrigation requirement of ith crop 
 Total area available for irrigation is taken as a constraint.

∑ �� ≤ ���                   (6)

where TA the total area of cultivation in UGC command area
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 Crop Area with socio-economic issues, prevailing cropping practices and local food demand
under consideration, an upper and lower limit of different crop coverage areas was considered
a constant in the model.

��
��� ≤  �� ≤ ��

���        (7)

where ��
��� and ��

��� is minimum and maximum crop’s coverage area.

4. Results and discussion

The crop water requirement (CWR) for different crops in UGC command area was calculated by 
Cropwat software using various input parameters such as soil data, climate data, temperature data, 
rainfall data etc. The CWR values for crops cultivated in the study area at different conditions were 
the outcome of the software (Table 3). 

Table 3 Net irrigation requirement of rabi season crops 

Sr. No. Crop NIR (mm) 
1 Pea 320.7 
2 Potato 439.3 
3 Mustard 300.3 
4 Wheat 349.1 
5 Barley 343.7 
6 Gram 284.6 
7 Lentil 296 
8 Maize 424.6 

Table 4 Net irrigation requirement of rabi season crops 

Crop Potato Mustard Wheat Barley Gram Lentil Maize 
Area 8,650 193,660 30,920 9.810 8,430 14,790 5,900 

Figure 3 Comparison of current cropping pattern and optimal cropping pattern 

Table 5 Comparison of net benefit under current and optimal cropping pattern 

Current cropping pattern Optimal cropping pattern % Change 
Net Benefit (in Rs.) 9,413,152,198 9,525,528,788 +1.19

Water consumption (mcm) 2,432.4 2,255.06 -7.29
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The area allocation model to optimize the cropping pattern at different water availability is presented 
in Table 4. The results revealed that the potato and wheat are the prominent crops have to be occupied 
in the area cover of 56.1% and 21.2%, respectively while the other crops (mustard 8.9%; lentil 4.3%; 
barley, gram pea and beans ⁓2.5% each; maize 1.7%) should grown in comparatively lesser 
proportionate area to maximise the net returns.  

When compare the optimal plan to current cropping pattern, area under each crop is more than the 
actual area of cultivation except wheat (Figure 3). Actual area of wheat was 262,027 ha which is 
reduced to 73,090 ha in optimal cropping pattern. Potato gets highest increment in cultivation area 
from 10.3% to 56%. There is no change in cultivation area of mustard under changed cropping 
pattern.  

In the proposed cultivation practices using the modelled cropping pattern, the net profit obtained by 
the farmers is subject to increase significantly by 1.19% (Rs. 94,133.4 lakh to 95,255.3 lakh) and the 
water use efficiency also significantly improves from 3.86 to 4.22 (Table 5). Water consumption is 
reduced by 7.29%. In Figure 4, flow at upstream and downstream in the river is shown. In the lean 
season downstream flow is very less that adversely affect river ecology. Saved water can be utilized to 
increase the discharge of downstream river Ganga. 

Figure 4 Upstream and downstream flow in River Ganga at Bhimgoda barrage 

In the existing pattern, water consumption is very high. The possible reason is high conveyance losses 
and poor irrigation management. The local farmers because of their conservative attitude, practice 
traditional methods of farming leads to the loss of not only the valuable irrigation water but also 
facing issues of lowering in yield. They do not know when to irrigate, how much to irrigate their 
crops, since different crops have different quantity of water requirement (Vadde et al. 2017). A well 
planned and operated complex irrigation system require accurate estimation of Irrigation Water 
Requirement which leads to efficient use of water resource saving and retaining of which can be 
utilized in dry season (Azhar and Perera 2011). 

5. Conclusion

In the UGC command area, TLBO algorithm can be used to improve the productivity leads to the net 
profit for the farmers. The optimal cropping pattern could be utilized in an extremely valuable manner 
for sustainable agriculture. A slight deviation from the current farmers’ preference not only increases 
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their valuable financial assets but also reduce the consumption of a precious resource ‘water’. The 
reduction in the usage of ⁓7.3% of crop water requirement with increment in net benefit of 1.2% was 
estimated using the modelled cropping pattern which significantly improves the condition of natural 
resources in canal command area.       
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Abstract 

Temperature prediction is beneficial to individuals, as well as for organizations whose workers and machines are 
to be operated in the open space. Accurate prediction of maximum and minimum temperature also helps in the 

prediction of evapotranspiration, rainfall and heat-wave condition. Also, from view of plant growth, temperature 

prediction is very important. In this research, a wavelet transform-artificial neural network (WANN) hybrid model 

has been developed for maximum and minimum temperature prediction. In this paper, using Daubechies wavelets 

of order 3 (db3), 4 (db4) and 5 (db5), the observed raw data was decomposed, upto 5th level, via discrete wavelet 

transform (DWT), which were fed as input to ANN naming WANN for temperature forecasting. Temperature 

data from January 1997 to October 2011 of Mahabaleshwar City situated in Western Ghats Range of Maharashtra, 

India, were used in the study. The maximum and minimum temperature values were forecasted for lead times 1 

day, 2 day, 3 day, 4 and 7 day and the models performance was evaluated using root mean square error (RMSE), 

mean absolute error (MAE), and determination coefficient (R2). The value of R2 is found to vary from 0.990 for 

both maximum and minimum temperature for 1 day lead time to 0.910 (max. temp.) and 0.838 (min. temp.) for 7 

day lead time for WANN model as against 0.897 (max. temp.) and 0.773 (min. temp.) for 1 day lead time to 0.685 
(max. temp.) and 0.435 (min. temp.) for 7 day lead time for ANN model. It was also observed that with increase 

in wavelet order and decomposition level, WANN models efficiency was increased.   

Keywords: Artificial neural network, temperature, Wavelet transform, Daubechies wavelet, time series. 

1. Introduction

According to the recent climate change impact assessment studies framework, agriculture, 
vegetation, water resources and tourism are the sectors affected directly by temperature changes 

(Ustaoglu et al. 2008). Climate change has increasing importance due to its scientific and practical 

aspects (environmental, economic-social impacts). If the temperature increases are higher, there will be 

some negative impact on productivity due to reduced crop durations. Local weather changes can cause 
disruption of flowering / fruiting cycles & change in pest profile. As per TERI (2014) report, due to 

increase in temperature there will be decrease in yields for some crops – for instance an increase in 

temperature from 1 to 4 °C may results drop in rice from 0 to 49%, a 1°C and 2.3°C rise in temperature 
results in 6.3% and 17.5% decline in sorghum yield in semi-arid conditions. 1 to 4 °C increase in 

temperature results in reduction in soybean yield of 11 to 36%. A temperature rise of 1.85°C may result 

in no significant change in cotton yield in central India, but a temperature rise of 3.2°C can lead to a 

268 kg/ha decline in cotton yield. As per Intergovernmental Panel on Climate Change Report (IPCC 
2007), the mean annual temperature is expected to increase by 3.3oC per century.  

In the study area, Mahabaleshwar, located in Western Ghats of Maharashtra State of India, the 

main crop taken is strawberry,whose production is more succeptible to temperature variation (Pedro 
2013). Also, Mahabaleshwar is one of the tourist hill station in Maharashtra. Therefore, in the study 
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area, there is a need to forecast temperature accurately in order to prevent unexpected hazards caused 
by temperature variation. 

Recently soft computing techniques such as artificial neural network (ANN), fuzzy logic (FL) 

and genetic algorithm (GA), Support Vector Machine (SVM) has becoming popular since last decade 
due to its versatility in handling non linearity and somewhat extent to handle non stationary. Soft 

computing techniques offer an effective approach for handling large amounts of dynamic, non-linear 

and noisy data, especially when the underlying physical relationships are not fully understood (Nourani 
et al., 2011). 

ANN is a mathematical model, which mimics the function of human brain. It has the ability to 

identify the relationship from given patterns and solve large-scale complex problems such as non-linear 

modelling pattern recognition, classification, association and control. Recently neural network models 
are successfully applied in rainfall-runoff modelling, runoff forecasting, evaporation estimation, 

precipitation forecasting, water quality modelling, ground water level forecasting, significant wave 

height forecasting and many others. Dawson and Wilby (1998) studied ANNs for flow forecasting in 
two flood-prone UK catchments using real hydrometric data. Given relatively brief calibration data sets, 

it was possible to construct robust models of 15-min flows with six-hour lead times for the Rivers 

Amber and Mole. Comparisons were made between the performance of the ANN and those of 
conventional flood forecasting systems. The results obtained for validation forecasts were of 

comparable quality to those obtained from operational systems for the River Amber. The ability of the 

ANN to cope with missing data and to "learn" from the event currently being forecast in real time was 

observed. Jain and Chalisgaonkar (2000) developed three layered feedforward ANN for stage-discharge 
relation and showed that ANN approach was superior to conventional curve fitting method. 

Chandramouli and Deka (2005) developed decision support model using artificial neural network for 

optimal operation of a reservoir in South India. Wu et al. (2005) used ANN for watershed-runoff and 
stream-flow forecasts conducted on a small urban watershed in Greensboro, North Carolina. Ustaoglu 

et al. (2008) chosen three artificial neural network methods: 1) feed-forward back propagation (FFBP), 

2) radial basis function (RBF) and, 3) generalized regression neural network (GRNN) for forecasting

daily mean, maximum and minimum temperature time series and concluded that all the three different
ANN methods provide satisfactory prediction. Nourani (2016) developed Emotional Artificial Neural

Network (EANN) which was trained by a modified version of backpropagation (BP) algorithm, was

applied to single and multi-step-ahead runoff forecasting of two watersheds with two distinct climatic
conditions. Also, to evaluate the ability of EANN trained by smaller training data set, three data division

strategies with different number of training samples were considered for the training purpose. The

overall comparison of the obtained results of the r-r modeling indicates that the EANN could outperform
the conventional feed forward neural network. Tomoaki, et.al. (2017) predicted local rainfall in regions

of Japan using neural network (NN) models for the system, authors used a multi-layer perceptron (MLP)

with a hybrid algorithm composed of back-propagation (BP) and random optimization (RO) methods,

and radial basis function network (RBFN) with a least squares method (LSM), and compared the
prediction performance of the two models. In addition to the above-mentioned work many researchers

developed ANN model for flow prediction (Thirumalaiah and Deo, (2000); Besaw et al. (2010);

Mehmet et al. (2009), ground water level forecasting (Daliakopoulos et al. (2005); Nayak et al., (2006);
Mohanty et al. (2015); Chang et al. 2015)). The ASCE Task Committee (2000 II) reviews hydrologic

applications of ANN.

The wavelet-ANN is another reliable hybrid model used in time series forecasting problems. 
Recently, wavelet transform analysis has become a popular analysis tool due to its ability to explain 

simultaneously both spectral and temporal information within the signal. Addison et al. (2001) used 

wavelet transform analysis to a variety of open channel wake flows. Feature location was undertaken 

using a continuous wavelet transform, and both turbulent statistical analysis and thresholding of the 
turbulent signal components were undertaken using a discrete wavelet transform. It was found that the 

continuous wavelet transform was the preferred method for feature detection within fluid velocity time 

signals. Kim and Valdes (2003) developed nonlinear model for drought forecasting based on a 
conjunction of wavelet transforms and neural networks in the Conchos river basin in Maxico. The 

results indicated that the conjunction model using dyadic wavelet transform significantly improved the 
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ability of neural network in forecasting. Cannas B. et al. (2006), studied the river-flow forecasting one 
month ahead with Neural Networks and Wavelet Analysis using monthly runoff data for the Tirso 

Basin, Italy. Tests showed that neural networks trained with pre-processed data using wavelet showed 

better performance. Zhou et al. (2008) developed monthly discharge predictor-corrector model based 
on wavelet decomposition using 52 years records of monthly discharge at Yichang station of Yangtse 

River. The decomposed times series data were used as input to ARMA model for prediction which 

improved the prediction accuracy. Rao et al. (2009) carried out modelling using hydrological time series 
data adopting Wavelet-Neural Network for four west flowing rivers in India namely Kollur, (22 years 

data from 1981-2002), Seethanadi (26 years data from 1973-1998),  Varahi (26 years 1978-2003) and 

Gowrihole (25 years data from 1979-2003).  The results of daily streamflow and monthly groundwater 

level series modelling indicated that the performances of WANN Models were more effective than 
ANN Models. Nourani et al. (2009a) studied the rainfall-runoff modelling using Wavelet-ANN 

approach for predictions of runoff discharge one day ahead of the Ligvanchai watershed at Tabriz, Iran. 

The time series were decomposed upto four levels by using Haar, Daubechies (db2), Symlet (sym3) 
and Coiflet (coif1). The model results showed the high merit of Haar wavelet in comparison with the 

others. Kisi (2009b) developed neuro-wavelet (NW) model by combining two methods discrete wavelet 

transform (DWT) and artificial neural network (ANN), for 1 day ahead intermittent streamflow 
forecasting and results were compared with those of the single ANN model. In NW model, the original 

time series were decomposed into a five number of subtime series components by Mallat DWT 

algorithm. The NW model was found to be much better than the ANN in high flow estimation. Rajaee 

et al. (2010) investigated the prediction of daily suspended sediment load one day ahead with wavelet 
and neuro-fuzzy combination model using time series data of discharge and suspended sediment load 

as input in a gauging station from the Pecos River in USA. Results showed that the wavelet analysis 

and neuro-fuzzy (WNF) model performed better predictions rather than neuro-fuzzy and sediment 
rating curve. Adamowski and Sun (2010) investigated a method based on coupling discrete wavelet 

transform (WA) and ANN for flow forecasting applications in non-perennial rivers in semi-arid 

watersheds at lead times of 1 and 3 days for two different rivers in Cyprus. The discrete trous wavelet 

transform was used to decompose flow time series data into 8 levels wavelet coefficients which were 
used as inputs to Levenberg Marquardt artificial neural network models to forecast flow. WA-ANN 

model provided more accurate results than regular ANN. Kisi O. (2010) developed neuro-wavelet 

models for daily suspended sediment estimation for two stations on Tongue River in Montana using 
daily streamflow and suspended sediment data. The comparison results revealed that the developed 

model could increase the estimation accuracy. Adamowski and Chan (2011) developed hybrid wavelet 

transforms-neural network for monthly groundwater level forecasting using monthly total precipitation, 
monthly average temperature and average ground water levels as input variables. The original data was 

decomposed into a series of details using a modified version of a trous DWT. The WANN models were 

found to provide more accurate monthly average ground water level forecasts compared to the ANN 

and ARIMA models. Kisi and Shiri (2011) developed precipitation forecasting model using wavelet-
genetic programming and wavelet-neuro-fuzzy conjunction. They found that hybrid wavelet-genetic 

programming model was of better performance than hybrid wavelet-neuro-fuzzy model. Abghari et al. 

(2012) developed wavelet neural network hybrid model for prediction of daily pan evaporation using 
Mexian hat and polyWOGI mother wavelets. Results showed that Mexican hat wavelet neural network 

in the best topology presents 96.04 % accuracy, while polyWOGI wavelet neural network presents 

91.03 % accuracy in testing period. The MLP model with standard sigmoid function resulted in 87.63 
% accuracy in testing period. Comparison showed Mexican hat neural network could have better 

accuracy. Nayak P. C. et al. (2013) developed wavelet neural network (WNN) hybrid model for 

Malbrabha river (India) flow forecasting using rainfall, runoff and evaporation as input to ANN and 

WNN models. They used Daubechies wavelet of order 5 (db5) for one time step ahead forecasting. 
Results of this study have been compared by developing standard ANN and NAM model. Results 

indicated that the WANN model performed better than ANN and NAM models. Krishna B. (2013), 

main purpose of the study was to examine the capability of two pre-processing techniques such as 
wavelets and moving average (MA) methods in combination with feed forward neural networks and 

multiple linear regression (MLR) in the prediction of daily inflow values of Malprabha river, India. 
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Two NN structures namely back propagation (BP) and radial basis (RB) algorithms were used. Daily 
data of rainfall, reservoir inflow and discharge for 11 years were used in the study. The author found 

optimal input combination based on the method suggested by Sudheer et al. (2002). The time series 

data were decomposed into 3 levels using mother wavelets db5, db1, db2, db6, Bior1.1, Coif 1, Meyer, 
rbio1.1 and sym3. Result indicated that the hybrid WNN model performed better compared to ANN 

and MLR models. Karthikeyan and Nagesh Kumar (2013), in this paper the predictability of wavelet 

based and Empirical Mode Decomposition (EMD) based time series modeling techniques were studied 
under various case studies of monthly total stream flow (4 non-stationary sites) and monthly total 

rainfall (two non-stationary sites) locations. The time series data was decomposed using these two 

techniques. The predictability was checked for six and twelve months ahead forecasts.  It was observed 

that the wavelet-based method has better prediction capability over EMD. Khandekar and Deka (2013) 
developed hybrid model by combining wavelet with ANN using daubechies wavelets of order 4 and 5 

and concluded that hybrid model has given better results compared with single ANN model. Nury et al. 

(2017) developed models for monthly minimum and maximum temperature prediction by combining 
wavelet technique with autoregressive integrated moving average (ARIMA) and an artificial neural 

network (ANN). The results indicated that wavelet-ARIMA model is more effective that wavelet-ANN. 

Mousaab et al. (2018) developed a conjunction model – wavelet transformation, data-driven models, 
and genetic algorithm (GA) – for forecasting the daily flow of a river in northern Algeria using the time 

series of runoff. The original time series was decomposed into multi-frequency time series by wavelet 

transform algorithm and used as inputs to artificial neural networks (ANN) and adaptive neuro-fuzzy 

inference system (ANFIS) models. The performances of wavelet-based data-driven models were 
superior to those of conventional models. Graf et al. (2019) developed descrete wavelet transorm 

coupled ANN model for forecasting river water temperature using Daubechies, Symlet, discrete Meyer 

and Haar mother wavelets. Results showed that the wavelet-ANN model outperformed well than linear, 
non-linear regression and traditional ANN models. Out of four mother wavelets, discrete Mayer 

performed well. Khandekar and Deka (2016) reviewed application of wavelet transform technique in 

hydrology. Dixit et al. (2016) reviewed application of neuro-wavelet techniques in water flows. 

The main objectives of the present study are – 1) Development of hybrid model by coupling 
wavelet transform with artificial neural network (WANN) for prediction of minimum and maximum 

temperature of Mahabaleshwar City and compare the performance of WANN with single ANN models, 

2) To assess the influence of decomposition levels for temperature forecasting on the model
performance, 3) To investigate the proper selection of mother wavelets within the domain of

Daubechies wavelet of order 3, 4 and 5 for better forecasting accuracy.

2. Study area and data collection

Mahabaleshwar is located at 17.9237°N 73.6586°E. The city is located about 120 km southwest 
of  Pune and 285 km from Mumbai. Mahabaleshwar is a vast plateau measuring 150 km2, bound by 

valleys on all sides. It reaches a height of 1,439 m at its highest peak above sea level, known as 

Wilson/Sunrise Point. Mahabaleshwar receives heavy rainfall during monsoon and is cold enough in 
winter. It is one of the famous tourist hill station in Maharashtra. Especially during summer season 

(March to May), many tourists visit this city. The daily maximum and minimum temperature data is 

collected from India Meteorological Department (IMD) for the period from January 1997 to October 

2011. The time series plots for observed maximum and minimum temperature are shown in Fig. 1 and 
Fig. 2, respectively.  
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Figure 1 Observed time series plot for maximum daily temperature 

Figure 2 Observed time series plot for minimum daily temperature 

3. Methodology

In the following sections the basics of Artificial Neural Network (ANN) and Wavelet 
Transform are discussed in brief. 

3.1 Wavelet Transform 

Wavelet theory has been applied in many fields, such as signal process, image compression, 

voice code, pattern recognition, hydrology, earthquake investigation and many other non-linear science 
fields. Wavelet theory is discussed thoroughly in Labat et al. (2000) and Mallat (1998). Mathematical 

transformations (viz. Fourier transform (FT), Short Time Fourier transform (STFT), Wavelet Transform 

(WT), etc. are applied to time domain signals (raw signals) to obtain further information from that signal 

that is not readily available in the raw signals. FT of a signal in time domain gives frequency-amplitude 
representation of that signal i.e. the time information is lost, so FT is not suitable for non-stationary 

data, whose frequency content change with time. The STFT is an improvement on the FT because it 

provides a measure of time and frequency resolutions. The difference between STFT and FT is that in 
STFT, the signal is divided into small enough segments, where these segments (portions) of the signal 

can be assumed to be stationary. STFT provides a measure of time and frequency resolutions, but the 

use of a fixed window size at all times and for all frequencies is a limitation of this method. 
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The wavelet representation addresses the above limitation, by adaptively partitioning the time-
frequency plane, using a range of window sizes. At high frequencies, the wavelet transform gives up 

some frequency resolution compared to the Fourier transform. WT provides multi resolution analysis 

i.e. at low scales (high frequency) it gives better time resolution and poor frequency resolution at high
scales (low frequency) it gives better frequency resolution and poor time resolution and in actual

practice for all the time series signals such information is important. The lower scales (i.e. compressed

wavelet) trace the abrupt change or high frequency of a signal and the higher scales (i.e. stretched
wavelet) trace slowly progressing occurrences or low-frequency component of the signal. The wavelet

transform breaks the signal into its wavelets (small wave) which are scaled and shifted versions of the

original wavelet so called mother wavelet.

The wavelet transformation is divided into two types: 
1) Continuous wavelet transform (CWT)

2) Discrete wavelet transform (DWT)

3.1.1 Continuous Wavelet Transform (CWT) 

The basic objective of the CWT is to achieve a complete time-scale representation of localized 

and transient phenomenon occurring at different time scales (Labat, 2008). The Continuous Wavelet 

Transform (CWT) of a signal x(t) is given by the Eq. 1.  

dt
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a
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  (1) 

In Eq. 1, the transformed signal is a function of two variables, a and b, the scale and translation factor, 

respectively, of the function  (t). * corresponds to complex conjugate (Mallat, 1998).  (t) is the 

transforming function, and is called the mother wavelet, which is defined mathematically as  
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The term translation is related to the location of the window, as the window is shifted through 

the signal. This term, obviously, corresponds to time information in the transform domain. The scale 

parameter is defined as 1/frequency. Low frequencies (high scales) correspond to a global information 
of a signal (that is usually spans the entire signals), whereas high frequencies (low scales) correspond 

to a detailed information of a hidden pattern in the signal (that usually lasts a relatively short time).  

The CWT is computed by changing the scale of the analysis window, shifting the window in 
time, multiplying by the signal, and integrating over all times. 

The original signal is reconstructed using the inverse wavelet transform as 
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where C  is admissibility constant. 

3.1.2 Discrete Wavelet Transform (DWT) 

Usually all hydrological times series data are observed at discrete time interval, rather than 
continuous time. A discretization of Eq. 1 based on the trapezoidal rule is the simplest discretization of 

the continuous wavelet transform. Calculating the CWT coefficients at every possible scale is a fair 
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amount of work, and it generates a lot of data. CWT produces N2 coefficients from a data set of length 
N. Hence redundant information is locked up within the coefficients, which may or may not be a

desirable property (Rajaee T. et al., (2011); Nourani et al., 2009b). If one chooses scales and positions

based on the powers of two (dyadic scales and positions) then the analysis will be much more efficient
as well as accurate, which will provide N transform coefficients. This transform is called discrete

wavelet, and has the form as
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where m and n are integers that control the wavelet dilation and translation, respectively; bo is the 

location parameter and must be greater than zero; ao is a specified fixed dilation step greater than 1. 

From Eq. 4, it can be seen that the translation step nboao
m depends upon the dilation, ao

m. The most 

common and simplest choice for parameters ao and bo are 2 and 1 (time steps), respectively. This power 
of two logarithmic scaling of the translations and dilations is known as the dyadic grid arrangement 

(Mallat, 1989) and is defined as  

)2(2)( 2/
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For discrete time series, xt, where xt occurs at discrete time t, the discrete wavelet transform 
becomes  
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where Wm,n = wavelet coefficient for the discrete wavelet of scale a = 2m and location b = 2mn. Eq. (6) 
considers a finite time series, xt, t = 0, 1, 2,…, N - 1, and N is an integer power of 2: N = 2M; n is time 

translation parameter. This gives the range of m and n as, respectively, 0 < n < 2M-m - 1 and 1 < m < M. 

At the largest wavelet scale (i.e. 2m where m = M) only one wavelet is required to cover the time interval, 
and only one coefficient is produced. At the next scale (2m-1), two wavelets cover the time interval, 

hence two coefficients are produced, and so on down to m = 1. At m = 1, the a scale is 21, i.e. 2M-1 or 

N/2 coefficients are required to describe the signal at this scale. The total number of wavelet coefficients 
for a discrete time series of length N = 2M is then 1 + 2 + 4 + 8+ …+ 2M-1 = N-1.  

In addition to this, a signal smoothed component, W , is left, which is the signal mean. Thus, a 

time series of length N is broken into N components, i.e. with zero redundancy. The inverse discrete 
transform is given by (Mallat, 1998): 
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or in a simple format as 
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where W (t) is the approximation sub-signal at level M and Wm(t) are detail sub-signals at levels m = 1, 

2,…., M. The detail wavelet coefficients, Wm(t) can capture small features of interpretational value in 

the data. The residual term W (t) represents background information of data. 
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DWT operates two sets of function viewed as high-pass (wavelet function) and low-pass 
(scaling function) filters. The original time series are passed through high-pass and low-pass filters (as 

shown in Fig. 3) and down sampled by two (i.e throwing away every second data point) (Deka and 

Prahalada, 2012). After passing the signal through high pass and low pass filters, detailed (D1, D2,…., 
Dn, which are high frequency components of the original signal) and approximation coefficients (A1, 

A2,….An, which are low frequency components of the origininal signal), respectively, are obtained. At 

any nth decomposition level there will be one series of approximation coefficients at nth level (i.e. An) 
and n series of detailed coefficients (i.e. D1, D2,…., Dn), hence there will be total n+1 coefficients and 

the sum of An + D1 + D2 + ……+ Dn is equal to the original signal x(t). After wavelet decomposition, 

it is required to reconstruct the signal. The process of assembling back into original signal without loss 

of information is called reconstruction or synthesis. In wavelet reconstruction the decomposed 
approximation and detail coefficients are upsampled by two and then they are passed through low pass 

and high pass filters, respectively, to get the original signal. The wavelet reconstruction process consists 

of upsampling and filtering. Upsampling is the process of lengthing a signal component by inserting 
zeros between samples. 

Figure 3 Wavelet decomposition tree 

3.2 Artificial Neural Network (ANN) 

A neural network is a massively parallel distributed processor that has a natural propensity for 

storing experiential knowledge and making it available for use. It resembles the brain in two respects- 

i) knowledge is acquired by the network through a learning process, ii) inter neuron connection strengths 
known as synaptic weights are used to store the knowledge. 

Neural networks are inter connected group of artificial neurons, that can be used as 

computational model for information processing based on connectionist approach to computation. 
These are non–linear statistical data modelling tools, which can be used as model to develop a good 

relationship between input and output. Mathematically, an ANN can be treated as universal 

approximators having an ability to learn from examples without the need of explicit physics.  

In most of hydrologic time series modelling three layer-feedforward (Fig. 4) type of artificial 
neural network is used (Tayfur, 2006). In the present study, feedforward ANN with Lavenberg-

Marquardt (LM) learning function and Tangent Sigmoid as transfer function were used. The ANN was 

trained using LM technique because it is more powerful and faster than the conventional gradient 
descent technique (Kisi, 2009b).  

3.2.1 Three Layered Feed Forward ANN 

A three-layered feedforward ANN has an input layer, an output layer, and one hidden layer 

between the input and output layers. Each of the neurons in a layer is connected to all the neurons of 
the next layer, and the neurons in one layer are connected only to the neurons of the immediate next 

layer (Fig. 4). The strength of the signal passing from one neuron to the other depends on the weight of 
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the interconnections. The hidden layers enhance the network’s ability to model complex functions. 
Information passes from the input to the output side. The data passing through the connections from 

one neuron to another are manipulated by weights that control the strength of a passing signal. The 

nodes in one layer are connected to those in the next, but not to those in the same layer. Thus, the output 
of a node in a layer is only dependent on the inputs it receives from previous layers and the 

corresponding weights. The architecture of a typical neuron is, also, shown in Fig. 4. Each node 

multiplies every input by its weight, sums the product, and then passes the sum through a transfer 
function to produce its result. This transfer function is usually a steadily increasing S-shaped curve, 

called a sigmoid function. The attenuation at the upper and lower limbs of the ‘‘S’’ constrains the raw 

sums smoothly within fixed limits. The transfer function also introduces a nonlinearity that further 

enhances the network’s ability to model complex functions (Jain and Chalisgaonkar, 2000). In the 
present study, the hyperbolic tangent sigmoid function was preferred to the logistic function because a 

multilayer perceptron may learn faster (in terms of the number of epochs required) when the sigmoid 

function is symmetric than when it is asymmetric (Adeloye and Munari, 2006; Haykin, 1998). 

Figure 4 Typical thee layer feed-forward ANN 

4. Model Development

In this research, hybrid models, combining wavelet and artificial neural network (WANN), are 
developed for maximum and minimum temperature prediction of Mahabaleshwar City with multiple 

time step lead times 1, 2, 3, 4, and 7 days. 

4.1 Statistical Properties of Observed Data 

To develop models, daily temperature data of Mahabaleshwar City from January 1997 to 
October 2011, were collected from IMD, Pune. The observed time series plots are shown in Fig. 1. and 

Fig. 2, which indicates that the temperature is highly non-stationary. The statistical characteristics of 

data are shown in the Table 1, which reveals high variability. In the table Tmean, Tmax, Tmin, Sd and Cx 
denotes the mean, maximum, minimum, standard deviation and skewness, respectively.  
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Table 1 Statistical properties of temperature time series data 
Statistical 

Parameter 

Maximum Minimum 

Training Testing All Training Testing All 

Tmean (oC) 26.06 25.30 25.83 16.27 16.22 16.26 

Tmax (oC) 37.40 35.60 37.40 23.80 22.70 23.80 

Tmin (oC) 13.60 15.60 13.60 06.00 6.5 06.00 

Sd (oC) 4.53 04.32 04.48 2.20 2.13 2.18 

Cx -0.017 -0.065 -0.020 -0.399 -0.586 -0.450

Table 1 reveals that the temperature is fluctuating highly in nature during study period 

(minimum = 13.60oC, maximum = 37.40oC for maximum time series data and minimum = 6oC, 

maximum = 23.8oC for minimum time series data). Standard deviation is found to be 4.48 oC and 2.18oC 
for maximum and minimum time series data, respetively, indicating widely dispersion of values from 

the average one. Also, the observed temperature show high negative coefficient of skewness (Cx = -

0.020 and -0.45 for maximum and minimum respectively), indicating data has more scattered 

distribution about mean.  

4.2 Input Selection in ANN and WANN Model 

There is no fixed rule for deciding the number of input parameter in the input layer of ANN. In 

any time series forecasting, the values of future time step (Tt+n) is bound to be dependent on antecedent 

values i.e. Tt, Tt-1, Tt-2, …, Tt-j. But it is difficult to decide how many lags in past would result in better 
efficiency i.e. the value of j (lag) is not known a priori.  Determining j plays an important role in 

hydrologic time series forecasting because this may help in avoiding loss of information that may result 

if key input variables are omitted, also prevent unnecessary inclusion of input variables which may 
create problem in training of ANN.  

Many researchers (Krishna, 2013; Nayak et al., 2013) have employed the method suggested by 

Sudheer et al. (2002), which utilizes the statistical properties such as cross-, auto-, and partial-auto-
correlation of the data series in identifying a unique input vector that best represents the process for the 

basin. In the present study the input vectors to models are selected based on the auto-correlation 

coefficient between the variables in question. 

Table 2 Auto-correlation coefficient 
Lag Time (days) Auto-correlation Coefficient 

Maximum temperature Minimum temperature 

0 1 1 

1 0.940792 0.867086 

2 0.907079 0.789465 

3 0.8845665 0.741226 

4 0.8676982 0.707456 

5 0.8514615 0.675386 

6 0.8397591 0.656585 

7 0.8268437 0.638364 

8 0.8132212 0.618379 
9 0.8046489 0.606423 

 Based on auto correlation, the following combinations containing different numbers of input 

values were considered in the input layer to predict the value of temperature for different lead times: 
1. Tt;

2. Tt, T(t-1);

3. Tt, T(t-1), T(t-2);
4. Tt, T(t-1), T(t-2), T(t-3);

5. Tt, T(t-1), T(t-2), T(t-3), T(t-4);
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6. Tt, T(t-1), T(t-2), T(t-3), T(t-4), T(t-5);
7. Tt, T(t-1), T(t-2), T(t-3), T(t-4), T(t-5), T(t-6).

4.3 ANN Model Development 

A multilayer perceptron (MLP) feed forward backpropagation ANN models without data pre-

processing were developed to forecast temperature for multiple lead times. A three-layer (which 
contains one input layer, one hidden layer, and one output layer) feedforward backpropagation artificial 

neural network were applied in the study. ANN application for simulation of temperature consist of two 

stages – training (learning) and testing. The process of training the ANN was carried out with 
Lavenberg-Marquardt (LM) learning function and Tangent Sigmoid as transfer function for all input 

combinations mentioned in the previous section for each lead time and then the process of testing was 

carried out. The optimal input combination that gave the minimum root mean square error (RMSE) 
during testing period for each lead time is shown in the Table 3. The same input combination is 

employed for the wavelet – artificial neural network (WANN) hybrid model.  The optimal number of 

neurons in hidden layer was found by trial-and-error procedure by varying the neurons from 1 to 10.  

The output layer has only one neuron which is the temperature value for the given lead time. The time 
series data normalized between 0 and 1 by dividing the temperature value by the maximum one.  

Table 3 ANN and WANN structure in terms of input and output parameters 
Model No. Input parameter@ Output parameter# 

T(t+n) 

1 Tt, T(t-1), T(t-2), T(t-3) T(t+1) 
2 Tt, T(t-1), T(t-2), T(t-3) T(t+2) 

3 Tt, T(t-1), T(t-2), T(t-3), T(t-4) T(t+3) 

4 Tt, T(t-1), T(t-2), T(t-3), T(t-4) T(t+4) 

5 Tt, T(t-1), T(t-2), T(t-3), T(t-4) T(t+7) 
@Tt is current day temperature value and T(t-1), T(t-2), T(t-3), T(t-4) are 1, 2, 3 and 4 time step past temperature 

values. # n = lead time. 

4.4 WANN Model Development 

After developing ANN models for all lead times, hybrid wavelet transform – artificial neural 
network (WANN) models were developed. In WANN models, first of all, the normalized input data 

were decomposed into approximation and detail coefficients using discrete wavelet transform (DWT). 

As all hydrological and meteorological data are observed at discrete time interval, DWT was used for 
processing. Then the approximation and detail coefficient were fed as input to ANN to get the output 

at a given lead time. The output signals were kept as original series without decomposition. A multilayer 

perceptron (MLP) feedforward backpropagation ANN was trained with 1 to 10 neurons in hidden layer 
using Levenberg-Marquardt training algorithm with tansig as activation function. 

4.4.1 Selection of Mother Wavelets 

The choice of the mother wavelet depends on the data to be analyzed. In this study, dealing 

with very irregular signal shape, an irregular wavelet, Daubechies (db) of order 3 (db3) to 5 (db5) has 
been opted. Daubechies wavelets of order 3 to 5 are shown in Fig. 5. All Daubechies wavelets of order 

N (dbN) are asymmetric, orthogonal and biorthogonal. They are compactly supported wavelets with 

extremal phase and highest number of vanishing moments for a given support width (Misiti, 2010). The 

support width of Daubechies wavelet is equal to 2N-1. Daubechies wavelets have no explicit expression 
except for db1 (haar). The wavelets having compact support or narrow window function are suitable 

for local analysis of the signal.  
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(a) db3                               (b) db4                               (c) db5

Figure 5 Daubechies wavelets of order (a) 3, (b) 4, (c) 5

The Daubechies wavelets are a family of orthogonal wavelets defining a discrete wavelet 

transform and characterized by a maximal number of vanishing moments for some given support. With 
each wavelet type of this class, there is a scaling function (father wavelet) which generates an orthogonal 

multiresolution analysis. Daubechies wavelets use overlapping windows, so the high frequency 

coefficient spectrum reflects all high frequency changes. Therefore, Daubechies wavelets are useful in 

compression and noise removal of signal processing.  

4.5 Performance Criteria 

Following measures of evaluation have been used to compare the performance of models. 

𝑅𝑀𝑆𝐸 = √
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𝑀𝐴𝐸 =
1

𝑁
∑ |𝑇𝑜𝑏𝑠 − 𝑇𝑐𝑜𝑚|
𝑁
𝑖=1  (11) 

where RMSE, R2, MAE, N, 𝑇𝑜𝑏𝑠 , 𝑇𝑐𝑜𝑚, and 𝑇𝑜𝑏𝑠
−

 are root-mean squared error (RMSE), determination

coefficient (R2), mean absolute error (MAE), number of observations, observed data, computed values, 
mean of observed data, respectively. The RMSE provide a good measure of goodness of fit at high 

temperature, whereas MAE measures a more balanced perspective of the goodness of the fit at moderate 

temperature (Karunanithi et al. 1994). Models with low RMSE are treated as best models. R2 is a 

correlation measure between computed and observed data. It provides a measure of the ability of a 
model to predict flows which are different from mean and its value ranges from -∞ at worst case to +1 

for a perfect correlation. A R2 of 0.9 and above is very satisfactory, 0.8 to 0.9 represents a fairly good 

model, and below 0.8 is deemed unsatisfactory (Dawson and Wilby, 2001).  

5. Results and Discussion

In this research, the applicability and generalization capability of wavelet transformation (WT) 

as a preprocessing technique combined with artificial neural network (ANN) is investigated for 
forecasting Mahabaleshwar City maximum and minimum temperature. Using daily time series data, 

forecasting is carried out for lead times 1, 2, 3, 4, and 7 day. Total seven input combinations were 

finalized based on auto-correlations for temperature series (Table 2). Then the optimal input 

combinations for every lead time and for each time series is finalized using trial and error procedure by 
varying the number of neurons in hidden layer from 1 to 10 using three layer FFBP network and 

Lavenberg-Marquardt as training algorithm with tansig as activation function. The optimal input-output 

combinations are shown in Table 3.  
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 At the first stage, a multilayer perceptron (MLP) feed forward backpropagation ANN models 
without data pre-processing were developed to forecast maximum and minimum temperature for 

multiple lead times. In most of the hydrologic time series modeling, three layer-feedforward type of 

artificial neural network is used (Tayfur, 2006). In the present study, backpropagation algorithm with 
Lavenberg-Marquardt (LM) learning function and Tangent Sigmoid as transfer function were used. The 

ANN was trained using LM technique because it is more powerful and faster than the conventional 

gradient descent technique (Kisi, 2009a). Each MLP was trained with 1–10 hidden neurons in the hidden 
layer with Levenberg–Marquardt back propagation as the training algorithm with tansig activation 

function to optimize the parameters. For all lead times the numbers of neurons in the hidden layer is 

found by trial-and-error method (Krishna, 2013; Moosavi, 2013). The time series data before going 

through the network are usually normalized between 0 and 1 (Nourani et al., 2009a). So, the time series 
data is normalized by dividing the temperature value by the maximum temperature. The model with 

low RMSE in testing period is treated as best model.  

In the second stage, hybrid wavelet transform – artificial neural network (WANN) models were 
developed. As all temperature time series data are observed at discrete time interval, in all WANN 

models, discrete wavelet transform (DWT) was used for processing of time series data in the form of 

approximations and details at different levels. For the above applications, first 70 % data is used for 
training, and remaining 30 % data for testing.  

 Optimum results (low RMSE) of model runs for ANN and WANN carried out by varying order 

of Daubechies wavelet and decomposition level for daily temperature time series data during testing 

period are shown in following tables (Table 4 to 8).  

Table 4 Values of statistical parameters for ANN and WANN models during testing period 

Lead time: 1 day 
Model 

type 

Maximum temperature Optimum 

ANN 

structure 

Minimum temperature Optimum 

ANN 

structure 
RMSE R2 MAE RMSE R2 MAE 

ANN 1.389 0.897 0.961 4-6-1 1.015 0.773 0.713 4-5-1

db3l1 0.743 0.970 0.537 8-3-1 0.581 0.926 0.413 8-3-1
db3l2 0.595 0.980 0.410 12-3-1 0.460 0.953 0.326 12-3-1

db3l3 0.598 0.981 0.418 16-4-1 0.444 0.956 0.312 16-3-1

db3l4 0.584 0.982 0.411 20-3-1 0.446 0.956 0.316 20-3-1

db3l5 0.566 0.983 0.396 24-3-1 0.444 0.956 0.315 24-3-1

db4l1 0.668 0.976 0.468 8-3-1 0.532 0.937 0.377 8-3-1

db4l2 0.512 0.985 0.365 12-4-1 0.401 0.964 0.285 12-3-1

db4l3 0.511 0.986 0.366 16-3-1 0.400 0.965 0.284 16-4-1

db4l4 0.512 0.985 0.364 20-3-1 0.395 0.966 0.279 20-3-1

db4l5 0.508 0.986 0.365 24-3-1 0.355 0.972 0.251 24-3-1

db5l1 0.660 0.976 0.465 8-3-1 0.455 0.954 0.329 8-3-1

db5l2 0.523 0.979 0.421 12-3-1 0.254 0.985 0.179 12-3-1

db5l3 0.478 0.981 0.389 16-4-1 0.221 0.989 0.154 16-3-1

db5l4 0.470 0.985 0.340 20-3-1 0.223 0.989 0.155 20-3-1
db5l5 0.454 0.990 0.332 24-3-1 0.213 0.990 0.150 24-3-1
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Table 5 Values of statistical parameters for ANN and WANN models during testing period 
Lead time: 2 day 

Model 

type 

Maximum temperature Optimum 

ANN 

structure 

Minimum temperature Optimum 

ANN 

structure 
RMSE R2 MAE RMSE R2 MAE 

ANN 1.736 0.839 1.215 4-6-1 1.263 0.649 0.902 4-5-1

db3l1 1.545 0.879 1.215 8-3-1 1.060 0.753 0.764 8-3-1

db3l2 1.035 0.942 0.743 12-3-1 0.766 0.871 0.545 12-3-1

db3l3 0.936 0.953 0.657 16-4-1 0.715 0.880 0.512 16-3-1

db3l4 0.945 0.952 0.667 20-3-1 0.691 0.895 0.492 20-3-1

db3l5 0.934 0.953 0.659 24-3-1 0.683 0.897 0.482 24-3-1

db4l1 1.540 0.873 1.090 8-3-1 1.093 0.737 0.775 8-3-1

db4l2 0.948 0.951 0.673 12-3-1 0.706 0.890 0.511 12-3-1

db4l3 0.908 0.955 0.622 16-3-1 0.658 0.904 0.475 16-4-1
db4l4 0.903 0.956 0.616 20-4-1 0.645 0.908 0.462 20-3-1

db4l5 0.908 0.957 0.625 24-3-1 0.641 0.910 0.456 24-3-1

db5l1 1.495 0.880 0.981 8-3-1 1.154 0.707 0.827 8-3-1

db5l2 0.891 0.957 0.625 12-4-1 0.598 0.921 0.433 12-3-1

db5l3 0.819 0.964 0.586 16-3-1 0.497 0.945 0.353 16-3-1

db5l4 0.811 0.964 0.573 20-3-1 0.465 0.952 0.333 20-4-1

db5l5 0.812 0.965 0.576 24-3-1 0.458 0.954 0.329 24-3-1

Note: RMSE and MAE are in degree Celsius unit. 

Table 6 Values of statistical parameters for ANN and WANN models during testing period 

Lead time: 3 day 
Model 

type 

Maximum temperature Optimum 

ANN 

structure 

Minimum temperature Optimum 

ANN 

structure 
RMSE R2 MAE RMSE R2 MAE 

ANN 1.949 0.796 1.384 5-6-1 1.399 0.569 1.001 5-5-1

db3l1 1.843 0.818 1.302 10-3-1 1.337 0.607 0.958 10-3-1

db3l2 1.284 0.912 0.889 15-4-1 0.879 0.830 0.640 15-3-1

db3l3 1.049 0.941 0.739 20-3-1 0.758 0.874 0.543 20-3-1

db3l4 1.030 0.943 0.720 25-3-1 0.749 0.877 0.540 25-4-1

db3l5 1.010 0.945 0.697 30-3-1 0.741 0.879 0.537 30-3-1

db4l1 1.865 0.813 1.355 10-3-1 1.331 0.610 0.951 10-3-1
db4l2 1.165 0.927 0.828 15-3-1 0.857 0.838 0.612 15-3-1

db4l3 0.984 0.948 0.691 20-3-1 0.695 0.894 0.496 20-5-1

db4l4 0.940 0.952 0.652 25-3-1 0.687 0.896 0.488 25-3-1

db4l5 0.926 0.954 0.649 30-3-1 0.678 0.899 0.485 30-3-1

db5l1 1.852 0.816 1.311 10-3-1 1.292 0.633 0.931 10-3-1

db5l2 1.094 0.936 0.789 15-3-1 0.824 0.851 0.599 15-3-1

db5l3 0.917 0.954 0.628 20-4-1 0.676 0.899 0.485 20-3-1

db5l4 0.870 0.950 0.612 25-3-1 0.651 0.906 0.471 25-3-1

db5l5 0.876 0.959 0.609 30-3-1 0.645 0.908 0.464 30-3-1

Note: RMSE and MAE are in degree Celsius unit. 

5.1 ANN Model Results 

It can be seen from Table 4 - 8 that for ANN models in testing period the values of determination 

coefficient (R2), root mean squared error (RMSE), mean absolute error (MAE), changes with respect 

lead to time forecast. The R2 values were found to decrease from 0.897 and 0.773 for 1 day lead time 

to 0.685 and 0.435 for 7 day lead time respectively for maximum and minimum temperature time series 
data. The RMSE increases from 1.389oC and 1.015oC for 1 day lead time to 2.420oC and 1.605oC for 7 

day lead time for maximum and minimum temperature time series data. Also, MAE values increase 

from 0.961oC and 0.713oC for 1 day lead time to 1.783oC and 1.160oC for 7 day lead times, respectively 
for maximum and minimum temperature. It is found that the model efficiency is decreasing with 
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increase in lead time. This may be due to significant fluctuations of the data around mean values such 
as high standard deviation. Table 4 – 8 also shows optimum ANN structure (e.g. for 4 day lead time, 

the meaning of 5-6-1 is that, 5 neurons in input layer, 6 neurons in hidden layer and 1 neuron in output 

layer). 

Table 7 Values of statistical parameters for ANN and WANN models during testing period 

Lead time: 4 day 
Model 

type 

Maximum temperature Optimum 

ANN 

structure 

Minimum temperature Optimum 

ANN 

structure 
RMSE R2 MAE RMSE R2 MAE 

ANN 2.126 0.757 1.529 5-6-1 1.466 0.527 1.058 5-5-1

db3l1 2.029 0.779 1.441 10-3-1 1.422 0.556 1.025 10-3-1
db3l2 1.716 0.842 1.183 15-3-1 1.158 0.705 0.838 15-4-1

db3l3 1.273 0.913 0.892 20-3-1 0.918 0.815 0.654 20-3-1

db3l4 1.219 0.920 0.854 25-5-1 0.900 0.822 0.645 25-3-1

db3l5 1.208 0.922 0.855 30-3-1 0.885 0.828 0.638 30-3-1

db4l1 2.007 0.784 1.434 10-3-1 1.408 0.564 1.015 10-3-1

db4l2 1.576 0.867 1.300 15-3-1 1.140 0.714 0.813 15-3-1

db4l3 1.190 0.924 0.854 20-3-1 0.855 0.839 0.621 20-4-1

db4l4 1.150 0.929 0.829 25-3-1 0.828 0.848 0.590 25-3-1

db4l5 1.128 0.932 0.809 30-3-1 0.830 0.849 0.600 30-3-1

db5l1 2.025 0.780 1.437 10-3-1 1.426 0.553 1.030 10-3-1

db5l2 1.502 0.879 1.102 15-3-1 1.052 0.757 0.753 15-3-1

db5l3 1.106 0.934 0.795 20-5-1 0.789 0.863 0.559 20-3-1

db5l4 1.081 0.937 0.783 25-3-1 0.755 0.874 0.534 25-3-1
db5l5 1.068 0.939 0.767 30-3-1 0.751 0.876 0.527 30-3-1

Note: RMSE and MAE are in degree Celsius unit. 

Table 8 Values of statistical parameters for ANN and WANN models during testing period 

Lead time: 7 day 
Model 

type 

Maximum temperature Optimum 

ANN 
structure 

Minimum temperature Optimum 

ANN 
structure 

RMSE R2 MAE RMSE R2 MAE 

ANN 2.420 0.685 1.783 5-6-1 1.605 0.435 1.160 5-5-1

db3l1 2.379 0.696 1.742 10-3-1 1.570 0.459 1.134 10-3-1

db3l2 2.311 0.713 1.697 15-3-1 1.559 0.467 1.134 15-3-1

db3l3 1.724 0.840 1.274 20-4-1 1.178 0.695 0.855 20-3-1

db3l4 1.477 0.883 1.070 25-3-1 1.058 0.755 0.756 25-3-1

db3l5 1.426 0.890 1.029 30-3-1 1.017 0.773 0.724 30-3-1

db4l1 2.388 0.694 1.754 10-3-1 1.578 0.453 1.147 10-3-1

db4l2 2.288 0.719 1.676 15-3-1 1.551 0.472 1.126 15-3-1

db4l3 1.704 0.844 1.222 20-3-1 1.172 0.699 0.848 20-5-1

db4l4 1.369 0.899 1.004 25-5-1 1.006 0.778 0.733 25-3-1

db4l5 1.329 0.905 0.981 30-3-1 0.997 0.782 0.726 30-3-1

db5l1 2.371 0.698 1.738 10-3-1 1.558 0.467 1.131 10-4-1

db5l2 2.260 0.726 1.651 15-3-1 1.529 0.487 1.111 15-3-1

db5l3 1.628 0.857 1.183 20-4-1 1.078 0.745 0.779 20-3-1
db5l4 1.378 0.898 1.009 25-3-1 0.839 0.825 0.656 25-3-1

db5l5 1.296 0.910 0.948 30-3-1 0.859 0.838 0.625 30-3-1

Note: RMSE and MAE are in degree Celsius unit. 

5.2 WANN Model Results 

The normalized observed data was decomposed using Daubechies wavelets of order 3 (db3) to 

5 (db5) upto 5th level decomposition, which were fed as input to ANN, naming the model as 
WANN(dbilj), where i is the order of Daubechies wavelet and j is the level of decomposition. The 
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number of neurons in hidden layer was computed by trial-and-error method and performances of these 
are tabulated in Table 4 – 8. Results of Table 4 – 8 reveal that the performance of wavelet based hybrid 

WANN model is much better than the traditional ANN model in testing period. 

During testing period, from the analysis it was found that the value of R2 decreased from 0.990 
(db5l5 – WANN(db5)) for 1 day lead time for both maximum and minimum temperature time series to 

0.910 and 0.838 (db5l5 – WANN(db5)) for 7 day lead time for maximum and minimum temperature 

time series, respectively. Also, the RMSE values increased from 0.454 (max.) and 0.213 (min.) (db5l5) 
to 1.296 (max.) and 0.895 (min.) (db5l5) for 1 day and 7 day lead time, respectively.  

The above discussion and study of Table 4 – 8 reveal that, in comparison with regular ANN 

model all WANN models have given better results for all lead times. The WANN model was found 

more accurate because wavelet transform decomposes the non-stationary time series data into several 
stationary approximation and details time series. In hybrid WANN model, wavelet transform takes care 

of non-stationarity while ANN handles non-linearity. Also temperature time series are characterized by 

non-linearity, non-stationarity and seasonality, which ANN models may not be able to cope without 
pre-processing of the input data. 

Figure 6 to Figure 9 shows sample time series and scatter plots for ANN and WANN(db5) 

models for 1 day (for maximum temperature) and 7 day (for minimum temperature) lead time. In these 
figures the results of best WANN models (i.e. WANN(db5)) were compared with ANN models. From 

these figures it was observed that the performance of WANN(db5), was superior compared to ANN 

models. 

(a) 

(b) 

Figure 6 (a) Time series, (b) scatter plot between observed and ANN modeled temperature for 1 day 

lead time during testing period for maximum temperature time series 

10

15

20

25

30

35

40

1

4
2

8
3

1
2
4

1
6
5

2
0
6

2
4
7

2
8
8

3
2
9

3
7
0

4
1
1

4
5
2

4
9
3

5
3
4

5
7
5

6
1
6

6
5
7

6
9
8

7
3
9

7
8
0

8
2
1

8
6
2

9
0
3

9
4
4

9
8
5

1
0
2

6

1
0
6

7

1
1
0

8

1
1
4

9

1
1
9

0

1
2
3

1

1
2
7

2

1
3
1

3

1
3
5

4

1
3
9

5

1
4
3

6

1
4
7

7

1
5
1

8

1
5
5

9

1
6
0

0

M
ax

. 
te

m
p
er

at
u

re
 i

n
 d

eg
.C

Time in days

Observed ANNLead time: 1 day, R2 =  0.897

10

15

20

25

30

35

40

10 20 30 40

A
N

N
 c

o
m

p
u

te
d
 m

ax
. 

te
m

p
er

at
u

re
 i

n
 D

eg
. 

C

Observed Max. Temperature in Deg. C

Lead time: 1 day, R2 =  0.897

625



(a) 

(b) 

Figure 7 (a) Time series, (b) scatter plot between observed and WANN(db5) modeled flow for 1 day 

lead time during testing period for maximum temperature time series 

(a) 

(b) 
Figure 8 (a) Time series, (b) scatter plot between observed and ANN modeled flow for 7 day lead 

time during testing period for mimimum temperature time series 
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(a) 

(b) 

Figure 9 (a) Time series, (b) scatter plot between observed and WANN(db5) modeled flow for 7 day 

lead time during testing period for minimum temperature time series  

5.3 Comparison Among WANN Models with Different Daubechies Wavelets 

In the present study, the results obtained by WANN models using db3 to db5 mother wavelets 

are also compared. Results of Table 4 – 8 depict that WANN model with db5 mother wavelet 

[WANN(db5)] model has shown better performance compared to WANN(db3) and WANN(db4) 
models. For 1 day lead time in testing period for minimum time series data (Table 4), from the analysis, 

it was found that the value of R2 increased from 0.956 for db3l5 – WANN(db3) model to 0.990 for 

db5l5 – WANN(db5) model. The RMSE values decreased from 0.444 for db3l5 – WANN(db3) model 

to 0.213 for db5l5 – WANN(db5). The above discussion and the careful study of Table 4 - 8, reveal that 
WANN model’s forecasting performance increases with increase in wavelet order, giving best results 

for db5 mother wavelet and similar performance was observed for other lead times and for both time 

series. The wavelets having wider support are capable of capturing low frequencies. On the other hand, 
wavelets having smaller support are capable of capturing high frequencies. db5 wavelet support width 

is 9 (support width of Daubechies wavelet is equal to 2 i - 1, where i = Daubechies wavelet order (Misiti, 

M. et al. 2010), while db3 and db4 wavelets have support widths 5 and 7, respectively. In short, the db5
wavelet has a reasonable support and also has good time-frequency localization property and these

together enable the model to capture both the underlying trend as well as the short term variablities in

the time series better than db3 and db4 wavelet based forecast model. Another reason for having better

results for db5 mother wavelet could be that its form is similar to the observed temperature signal
fluctuation. Figure 10 shows effect of Daubechies wavelet order on determination coefficient (R2) for

lead times 1, 2, 3, 4, and 7 day. Figure 10 reveals that, for all the lead times R2 is maximum for db5

mother wavelet.
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Figure 10 Effect of Daubechies wavelet order on determination coefficient (R2) for minimum 

temperature 

5.4 Influence of Decomposition Level on Model Performance 

It was also one of the main objectives of the present study, to assess the influence of 

decomposition level on WANN model performance. Deciding the optimal decomposition level of the 

time series data in wavelet analysis plays an important role in preserving the information and reducing 
the distortion of the datasets. However, there is no existing theory to specify the number of 

decomposition levels needed for any time series (Pandhiani et al. 2013). In the present study, the optimal 

level of decomposition was found by trial-and-error method as carried out by previous researchers 

(Deka and Prahlada, 2012, Moosavi et al. 2013). In the present study, the normalized time series data 
is decomposed into maximum 5 levels. Because it was found that, the optimal level of decomposition 

(low RMSE) was found to be 5. 

Careful study of Table 4 – 8 reveals that, with increase in decomposition level model’s 
efficiency increases upto 5th decomposition level. High frequency components of the original time series 

are captured in the first resolution level and with increase in decomposition level (scale) signal becomes 

more and more smoother (stationary), hence prediction errors were not increased with scale. Figure 11 

shows the effect of decomposition level on RMSE for WANN(db3), WANN(db4) and WANN(db5) 
models for lead time 7 day for maximum temperature time series.  

Figure 11 Effect of decomposition level on determination coefficient (lead time: 7 day, maximum 

temperature) 

6. Summary and Conclusions

The main purpose of the present study is to examine the applicability and generalization 

capability of wavelet transformation (WT) as a preprocessing technique combined with artificial neural 
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network (ANN) for maximum and minimum temperature time series prediction for multiple lead times. 
Dailly maximum and minimum temperature time series data from January 1997 to October 2011of 

Mahabaleshwar City collected from IMD, Pune, were used in the study. First 70 %  and last 30 %  years’ 

data were used respectively for training and testing. Using time series data, forecasting is carried out 
for lead times 1, 2, 3, 4, and 7 day. Optimal input combinations were finalized based on auto-

correlations for temperature series. Then a three-layer feed forward backpropagation ANN models 

without data pre-processing were developed to forecast temperature for multiple lead times by varying 
the number the of neurons in hidden layer from 1 to 10. The network was trained with Lavenberg-

Marquardt training algorithm and tansig as activation function.  

After developing ANN models, hybrid wavelet transform-neural network (WANN) models 

were developed. In WANN model the original time series were decomposed into various decomposition 
levels (up to 5 levels) (approximation and details) using Daubechies wavelets of order 3 (db3) to 5 (db5), 

which were fed as input to ANN to get the output at the required lead time. For WANN model the 

number of neurons in hidden layer was varied from 1 to 10. Also, the effect of decomposition level on 
WANN model efficiency was studied. The models were evaluated through three forecasting accuracy 

means: RMSE, MAE, and R2.  

Conclusions 

Following important are the conclusions drawn from this study: 
1. Use of wavelet transform as pre-processing technique is highly beneficial to improve forecasting

accuracy that reveals through the study.

2. Selection of input parameters based on auto-correlation coefficient helps in reducing computational
time.

3. Compared ANN models, all WANN forecasting models with Daubechies wavelets of order 3 (db3)

to 5 (db5) have better results for multiple lead times time series forecasting.

4. WANN model forecasting performance increases with increase in wavelet order, giving best results
for db5 mother wavelet for all lead times.

5. For WANN models with db3 to db5 mother wavelets, the models efficiency increased with

decomposition level.

Future Scope 

 The work can be extended with other type of wavelets to explore the higher accuracy aspect.

 Adaptive Neural Fuzzy Inference System (ANFIS), Fuzzy Logic (FL), Support Vector Machine

(SVM) can be integrated with wavelet for further study to assess the performance under various

data constraints.
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Abstract 

Dams and reservoirs are essential infrastructures that play vital role through the two major functions of water 

conservation and flood control. These functions require efficient reservoir operation along with effective control 

on the outflow of a reservoir. Consequently, precise forecasting of reservoir outflow is an important task. Koyana 

dam, one of the major dams in India, constitutes its reservoir outflow with water release to 4 different sections 

and water loss components. Hence it is a tedious job to predict the accurate outflow of Koyana reservoir for few 

hours to few days in advance. In the present study, M5 Model Tree is applied to forecast the outflow of Koyana 

reservoir for 24 to 72 hours in advance. M5 Model Trees is a hierarchical modular approach which effectively 

splits the instance space into sub-spaces recursively and constructs piece wise linear regression models for every 

individual subspace. The splitting criteria of Model tree minimizes the intra-subset variability (standard deviation) 

in the target values which helps to improvise the prediction accuracy. To develop outflow forecasting models, 

previously measured data at Koyana reservoir from 2000 to 2007 of reservoir inflow, storage and water releases 

along with losses is used. Performance of these models was judged by three standard error measures and scatter 

plots. The results indicated a promising role of M5 Model Tree in predicting reservoir outflow for all time 

intervals. Details of results along with scatter plots will be presented in the full manuscript of the paper. 

Keywords: Reservoir modelling, M5 Model tree, data driven techniques. 

1. Introduction

Dams and reservoirs are essential infrastructures that play vital role in water resource management. 

With the increasing demand of water in all over the globe, effective management of water resources is 

one of the major challenges in the society. Almost all the water resources systems are influenced by 

dams and reservoirs through which human beings manage and utilize water resources to satisfy the daily 

need of water for various purposes like drinking water, domestic and industrial demand, water supply, 

navigation, disaster prevention, power generation, flood control and mitigation, drought relief etc. The 

available water resources are optimised to satisfy the supply and demand equations wherein reservoir 

operations are generally done using particular norms of operations for  storages and releases. To achieve 

this, proper reservoir operating curves or rule curves are in use or have been used since many decades 

or so which are useful in operating the reservoir releasees schedule and help in managing the available 

water content. Being a hard computing numerical and graphical method these curves require exogenous 

historical data of rainfall, runoff and hydrometeorological parameters of the watershed  and can not be 

worked out without satisfying its pre-requisites. For effective optimisation, these curves should be 

modified after every 30 years as these are affected by the climate change. But modification 

(recalibration) of these curves is  not an easy task , in fact it is the most tedious and time consuming 

task.  

Reservoir operation is the result of multiple factors with strongly nonlinear interactions, which are 

influenced by natural conditions, such as precipitation, runoff, agricultural irrigation and human needs, 

such as industrial production, water consumption, power grid peak requirements and  flood peak 

conditions. These complex factors have uncertainty and increase the difficulty of using physical-based 

models. Therefore when the practical application scenarios of reservoir operations are considered , these 

are extremely complex and involve multiple time scales as well as  multi-flow regimes, often 

accompanied by occasional emergencies. A reservoir should undertake the medium- and long-term 
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(seasonal and monthly scale) operation task of managing downstream water supply while satisfying 

varying demands for different purposes.  Reservoirs should also undertake short term (daily and hourly 

scale) operation tasks of managing power grid load, water demand, navigation and stimulation of fish 

breeding, disaster prevention, emergency operations during floods, droughts. These various scheduling 

scenarios illustrate that the actual operation process of a reservoir is rapidly changing and often deviates 

from the operation plan which necessitates the thought of alternative solution to this. In addition, as 

mentioned earlier, when the physics-based curves need to be rebuilt with a new scheduling demands 

and rules, the demand for the professional expertise of the reservoir operator is high, and the calculation 

time of the model cannot meet the requirements of emergency operations.  

While the reservoir operation is in concern, schedule of releases is foremost requirement which 

ultimately gives the probable outflow from that reservoir. To provide an alternative solution to the 

complex rule curves, one can think about the accurate “outflow prediction” from the reservoir. Instead 

of operating the rule curves for operating the reservoir to optimise different release, if it is possible to 

know the outflow from the reservoir in advance – then it will be more useful in real time operation of 

the reservoirs. That too if the reservoir is of huge capacity like “Shivajisagar reservoir” of Koyana Dam, 

one of the largest dam in India, it is very necessary to know the outflow one day or two days in advance 

based on the inflow, storage and outflow relationship. Consequently, precise forecasting of reservoir 

outflow is an important task. Koyana dam constitutes its reservoir outflow with water release to 4 

different sections and water loss components. Hence it is a crucial  job to predict the accurate outflow 

of Koyana reservoir for few hours to few days in advance and the same is the aim of the present study. 

In recent years, with the development of artificial intelligence (AI) and big data mining technology, 

data-driven AI models have been successfully extended to the reservoir operation field. This kind of 

models do not heavily rely on physical meaning, but are good at solving nonlinear simulation and 

prediction problems that are influenced by multiple complex factors. In contrast to physical-based 

models, AI models have the ability to autonomously learn the various reservoir operation rules from a 

large amount of hydrological data and the real-time reservoir operation data. Moreover, AI models need 

low professional requirements from operators and have fast response speeds (Hejazi and Cai, 2009). 

Amongst the many AI models, artificial neural networks (ANN) and support vector machine or 

regression (SVM or SVR), M5 Model Tree (MT), Genetic Programming (GP) are the few most typical 

techniques in the field of reservoir operation which have gain the popularity based on their modelling 

efficiency.  These data driven technique deals with imprecision, uncertainty, partial truth and 

approximation to achieve reasonably well accurate results as these are soft towards the data (soft 

computing techniques) and hence have been used extensively in almost all the fields of modelling in 

general and in hydrologic as well as in hydraulic modelling in particular. Amongst the above-mentioned 

techniques, M5 Model tree have been applied by many researchers in Hydrology and water resources 

field, few of those applications are enlisted here which are relevant to the present study. Solomatine et. 

al. (2008) applied instance-based learning in the field of hydrological forecasting and compared the 

results with ANN, M5 Model Trees and conceptual hydrological models. Solomatine and Xue (2004) 

have done study on “M5 Model Trees and Neural Networks: Application to Flood Forecasting in the 

Upper Reach of the Huai River in China” and discussed the applicability and performance of the so-

called M5 model tree machine learning technique is investigated in a flood forecasting problem for the 

upper reach of the Huai River in China. This technique is compared to artificial neural network (ANN). 

It is shown that model trees, being analogous to piecewise linear functions, have certain advantages 

compared to ANNs—they are more transparent and hence acceptable by decision makers, are very fast 

in training and always converge. The M5P algorithm combines the features of classification and 

regression trees–structured is built on the assumption that the functional dependency is not constant in 

the whole domain but can be approximated on smaller sub domains (Solomatine & Xue, 2005). 

Bhattacharya and Solomatine (2005) used model tree M5P in addition to ANN to show the relation 

between stage and discharge in rivers. M5 Model Tree have been applied in rainfall–runoff modeling 

(Solomatine &Dulal, 2003), flood forecasting (Solomatine &Yunpeng, 2004), modeling water level 

discharge relationship (Bhattacharya &Solomatine, 2005), and sediment transport (Bhattacharya, Price, 

& Solomatine, 2007). Londhe and Dixit (2011) have successful applied M5 Model Tree for stream flow 

forecasting. Londhe and Charhate (2011) had compared data driven techniques for hydrological 

modelling.  More recently it has been applied by Sattari et al (2013) for daily river flow forecasting. 

633



This study investigates the potential of M5 model tree in predicting daily stream flows in Sohu river 

located within the municipal borders of Ankara, Turkey. The results of the M5 model tree were 

compared with support vector machines. Both modelling approaches were used to forecast up to 7-day 

ahead stream flow. A comparison of correlation coefficient and root mean square value indicates that 

M5 model tree approach works equally well to the SVM for same day discharge prediction. The M5 

model tree also works well up to 7-day ahead discharge forecasting in comparison of SVM with this 

data set. An advantage of using M5 model tree approach is the availability of simple linear models to 

predict the discharge as well use of less computational time. Alipour et al. (2014) had compared M5 

Model Tree performance with ANN for estimation of reference evapotranspiration in Turkey and 

proved the efficiency of Model Tree for hydrologic modelling.  Arunkumar and Jothiprakash (2013) 

applied soft computing techniques in reservoir optimization and once again proved the efficiency of 

these techniques over the traditional methods. Arunkumar and Jothiprakash (2013 a, b) done the 

sustainable crop planning for multi reservoir system using Fuzy multi- objective approach  and derived 

an  optimal crop plan for Dimbhe reservoir  

Arunkumar and Jothiprakash (2016) presented a multi-objective fuzzy linear programming for 

Sustainable integrated operation of multireservoir system and in 2018 Arunkumar and Jothiprakash 

(2017)-Evaluatated a multireservoir system for Sustainable integrated operation using a simulation 

model proving the capability of these AI techniques in the reservoir operation field. Further in 2019, 

Sihag et al. have applied M5 Model Tree, Random Forest and regression analysis to estimate field 

hydraulic conductivity and once again demonstrate the capacity of M5 Model Tree over other 

techniques. 

Considering these many applications in the hydrology and water resources field, authors have decided 

to explore M5 Model Tree for the present study to forecast the outflow of Koyana reservoir for 24 hours 

to 72 hours in advance. M5 Model Trees is a hierarchical modular approach which effectively splits the 

instance space into sub-spaces recursively and constructs piece wise linear regression models for every 

individual subspace. The splitting criteria of Model tree minimizes the intra-subset variability (standard 

deviation) in the target values which helps to improvise the prediction accuracy.  

To develop outflow forecasting models, previously measured data at Koyana reservoir from 2000 to 

2007 of reservoir inflow, storage and water releases along with different losses is used. Performance of 

these models was judged by three standard error measures and scatter plots. The results indicated a 

promising role of M5 Model Tree in predicting reservoir outflow for all time intervals. Details of results 

along with scatter plots are presented in the subsequent sections of this paper.  

The paper is organized as follows: General information of the topic, need of the study and literature 

review is presented in the first section of “Introduction” which is followed by section two of “study area 

and data”. Technique used is explained in the third section followed by “methodology and model 

development” which is section 4. Results are discussed in detail in the 5th section entitled “Results and 

discussions” and at the last “Conclusions” are presented in section 6. References are enlisted after the 

concluding remarks.  

2. Study Area and Data

The present study is carried out for the Koyna reservoir which is situated on the west coast of 

Maharashtra, India and lies between the latitude of 17’00”–17’59” N and longitude of 73’02”–73’35” 

E. The Koyna reservoir project is a multi-purpose project primarily designed as a hydroelectric project

that supplies hydro-electric power to Maharashtra, India with an installed capacity of 1920 MW. The

Koyna Dam is major one amongst the 23,000 large dams in the world. The height of the Koyna Dam

above foundation level is 103 m and the length of the dam at the crest is about 800 m. The Koyna

reservoir is about 64 km in length and about 13 km width with an area of 891.78 km2. The reservoir is

confined by hills and broadly consists of 41% forest, 49% cultivated area, 6% waste land and 4% of

others. The water spread area at full reservoir level is 115.36 km2 which is about 13% of the total

catchment area. Nearly 99% of the annual rainfall in this basin occurs during south-west monsoon (June

to October).

For the present study previously measured daily rainfall data along with the daily inflow, storage,

evaporation loss, pophali release, k.d.p.h., stage I&II water use, stage IV water use, west ward water

use, leakages, sluice gate discharge, radial gate discharge and outflow of Koyana reservoir for the period
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of 8 years (2000-2007) was made available from the Koyana division, WRD, Govt. of Maharashtra. 

Koyana. Figure 1 gives the details of study area: Koyana reservoir location along with its catchment 

area.  

The following figure shows Koyna Reservoir: 

Figure 1 Location of the study area, the Koyna reservoir 

3.Technique Used: M5 model tree

M5 Model Trees proposed by Quinlan (1992) is a state-of-the-art hierarchical modular approach 

algorithm which effectively splits the instance space into subspaces recursively and constructs 

piecewise linear regression models for every individual subspace. They differ from conventional Tree-

based models by the use of linear functions at the leaves rather than discrete class labels. A Decision 

tree induction algorithm with linear regression function at the nodes (leaves) is used to develop Model 

trees by divide-and-conquer method. Here the Splitting criterion of the decision tree is to minimize the 

intra subset variability (standard deviation) in the target values. Standard deviation (SD) of the target 

values reaching the terminal node (leaf) is regarded as the measure of error. For each attribute, the 

expected reduction in error is computed and the one which offers maximum reduction in error is chosen 

for splitting recursively. The splitting in M5 stops when the estimates of all instances that reach a leaf 

vary marginally or just a couple of  instances remain. The tree is pruned back from each leaf; inner node 

is turned into a leaf with a regression plane. In present study Weka 3.9 is used 

(https://waikato.github.io/weka-wiki/downloading_weka/).For further details of M5 Model Tree 

readers are directed to (Quinlan, 1992; Solomatine and Xue, 2004).   
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4. Methodology and Model Development:

As discussed earlier, present study aims in predicting the Koyana reservoir outflow at different time 

intervals ranging from 24hr to 72 hr in advance using a data driven technique of M5 Model Tree.  From 

the Water resource department, Govt. of Maharashtra, the data of previously measured daily rainfall 

values, daily inflow, storage, evaporation loss, pophali release, k.d.p.h., stage I&II water use, stage IV 

water use, west ward water use, leakages, sluice gate discharge, radial gate discharge and outflow of 

Koyana reservoir for the period of 8 years (2000-2007) was received for the present study.  As the 

Koyana reservoir, outflow consists of evaporation loss, west ward water use, k.d.p.h. release, sluice gate 

discharge and radial gate discharge. Inflow of the reservoir depends upon the precipitation actually 

occurred at the Koyana reservoir site location as well as runoff received from the entire catchment.  The 

difference between the daily measured reservoir level at 00.00 hrs and at 24.00 hrs provides the actual 

storage in the reservoir after excluding all the releases from the reservoir. These factual considerations 

were taken into account while deciding the input -output combinations in the present study for 

developing the various data driven models to forecast the reservoir outflow at 24hr, 48 hr and 72 hr 

ahead in time.  

For this, basic continuity equation for Koyana reservoir is taken into account in the following three 

major parts.  

▪ Inflow: Rainfall at the 9 rain gauge stations in the Koyana reservoir catchment and runoff

received from the entire catchment

▪ Outflow: evaporation loss, pophali release, k.d.p.h., stage I&II water use, stage IV water use,

west ward water use, leakages, sluice gate discharge, radial gate discharge

▪ Storage: Difference in the water level of reservoir in 24 hr

▪ Daily measured data of Inflow, Storage and the outflow at Koyana reservoir for the 8 years

(2000-2007) is used. Total data of each parameter consists of 2922 values.

Figure 2 elaborates the inflow, outflow and releases of the Koyana dam. 

Figure 2 Koyna reservoir inflow - outflow chart 

As mentioned above, basic relationship of inflow and outflow is considered for the present study and 

equation 1 represents the same, from which model development is decided.  

INFLOW-OUTFLOW = STORGAE-------------------------------(1) 

From the above equation, it is clear that outflow is the function of inflow and storage. Thus to Forecast 

the reservoir outflow, total 6 models were developed out of which 2 models (K-I, K-II) forecast the 

outflow 24 hour ahead in time i.e one day in advance. Next two models (K-III, K-IV) are developed for 

forecasting the outflow at 48 hr lead time, i.e two days ahead forecast and last two models (K-V, K-VI) 
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are developed for 72 hr ahead forecast i.e 3 days ahead of the present time. Table 1 represents the models 

and their input output combinations.  

To forecast the outflow one day in advance i.e at time “t+1”, it was decided to use inflow; I (t) and 

storage; S(t) values of the present time i.e at time “t” as inputs and outflow will be at “t+1” ; O(t+1) 

time step. As the reservoir outflow is always influenced by the previous days values of storge and 

inflow, in model 2; K-II ;  inflow and storage values of one day earlier to the present day were also 

considered as inputs in addition to the present day values for 24 hr (one day )ahead forecast of outflow. 

Thus K-II model includes I(t-1), I(t), S(t-1), S(t) as inputs to give output of O (t+1). Similar to these 

models K-III, K-IV, K-V and K-VI were developed to forecasts the outflow at higher time intervals of 

48 hr (two days ahead) and 72 hr (three days ahead). These all six models were categorized in two sets: 

set 1consists models which includes two inputs only namely I(t), S(t) wherein present-day inflow and 

storage values are used to forecasts outflow at 24, 48 and 72 hr ahead in time and prediction efficiency 

of the M5 Model tree technique is judged for different lead time intervals. Similarly set 2 comprises of 

models which includes 4 inputs I(t-1), I(t), S(t-1), S(t) and prediction efficiency of the M5 Model tree 

technique is judged for different lead time intervals 
Table 1 Model details 

Models developed for forecasting the outflow 

Model Input Output 

K – I I(t), S(t) O (t+1) 

K – II I(t-1), I(t), S(t-1), S(t) O (t+1) 

K – III I(t), S(t) O (t+2) 

K – IV I(t-1), I(t), S(t-1), S(t) O(t+2) 

K – V I(t), S(t) O (t+3) 

K – VI I(t-1), I(t), S(t-1), S(t) O(t+3) 

 I-Inflow of Koyana reservoir, S-Storage in the Koyana reservoir, O-Outflow from Koyana reservoir

 “t” – value at the current time step

 “t-1” – value at the previous time step (previous day here)

 “t+1”- value at next time step =value 24 hr ahead = value for one day ahead

 “t+2”- value at next time step =value 48 hr ahead = value for two days ahead

 “t+3”- value at next time step =value 72hr ahead = value for three days ahead

5.Results and discussion

As mentioned in the previous sections, 6 different models were developed to forecast the Koyana 

reservoir outflow for 24 hr to 72 hr time intervals using M5 Model Tree.  All the developed models 

were tested with unseen data, and their performance is analyzed by traditional error measures like root 

mean squared error (RMSE), Mean absolute error (MAE), Relative absolute error (RAE)and correlation 

coefficient ( r ) along with the hydrographs and scatter plots. Table 2 presents results of the developed 

models with ‘r’, RMSE, RAE and MAE values. From the results, it is observed that all 6 models 

predicted the outflow with the reasonably good accuracy as all the “r” values are above 0.70.  It has 

been noticed that correlation coefficient values of set 2 models are greater than set 1 which is very 

obvious as set 2 includes previous days inflow and storage values which are not there in set 1 models. 

Thus, it is clear that M5 Model tree learns from the data as it is data driven technique and is successful 

in obtaining the relation between input and output parameters. Low values of RMSE, MAE and RAE 

also prove the efficiency of the M5 model tree to forecast the outflow at different time intervals. 

Additionally, it has been noticed that as the lead time increases the accuracy of the model performance 

also decreases which is a very common and obvious thing in the modelling techniques. For 24 hr ahead 

forecast, “r” ranges from 0.91 to 0.925, for 48 hr ahead forecast, its range is from 0.83 to 0.88; decreases 
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a little down and for further lead time of 72 hr forecast, “r” values reduce down with a range of 0.73 to 

0.78.   

Table 2 Results of developed models 

Koyana Outflow prediction Models M5 Model Tree Results 

Model Input Output r 
RMSE 

(Mcft) 

MAE 

(Mcft) 

RAE 

(Mcft) 

K – I I(t), S(t) O (t+1) 0.91 12.60 4.95 45.43% 

K – II I(t-1), I(t), S(t-1), S(t) O (t+1) 0.925 17.5 1.53 44.81% 

K – III I(t), S(t) O (t+2) 0.83 17.5 1.53 71.36% 

K – IV I(t-1), I(t), S(t-1), S(t) O (t+2) 0.88 25.0 3.2 69.21% 

K – V I(t), S(t) O (t+3) 0.73 24.75 3.06 62.14% 

K – VI I(t-1), I(t), S(t-1), S(t) O (t+3) 0.76 28.40 4.6 68.69% 

Figures 3, 4 and 5 respectively present the 24hr ahead, 48 hr and 72 hr ahead forecast plots wherein it 

is clear that M5 Model tree has successfully predicted the reservoir outflow at different lead time 

intervals. Though there is a scope for improvising the prediction accuracy specifically at peaks, the 

technique has given fairly well forecasted values and justified its use for the said work.  Figure 6 

represent the two scatterplots for 1 day ahead and two days ahead outflow prediction and Figure 7 shows 

the M5 Model tree for 48 hr model of K-IV. By observing all these figures and results, it can be said 

that the present exercise of exploring the suitability and capacity of M5 model tree to forecasts the 

reservoir outflow for the three different lead time interval is successful and this research can be made 

useful for the real time practical application (on site practical application) with the use of real time data 

parameters.  

Figure 3 1 day ahead (24 hr) reservoir outflow forecast 
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Figure 4 2 days ahead (48 hr) reservoir outflow forecast 

Figure 5  3days ahead (72 hr) reservoir outflow forecast 

Figure 6      Scatter plot of 1 day ahead forecast     Scatter plot of 2 days ahead forecast 
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Figure 7 48hr Model tree image 

6. Conclusion

The present paper aims in forecasting the Koyana reservoir outflow for 24 to 72 hours in advance using M5 Model 

Tree; a soft computing technique. Total 6 models were developed using 2 sets of input -output combinations and 

performance of all the models were judged by the traditional error measures of RMSE, MAE, RAE as well as 

with correlation coefficient “r” along with the hydrographs and scatterplots. To forecast the outflow previously 

measured daily data of reservoir inflow , storage and outflow of Koyana reservoir of consecutive 8 years  (2000 

to 2007) were used and the M5 Model tree capability for forecasting the outflow at different lead time intervals 

using the same inputs was judged. When the additional input of one day earlier values of inflow and storage were 

provided, M5 Model tree predicted the outflow for all the three intervals more accurately than the models which 

were developed using only the present day values of inflow and storages. Thus considering all the results, high 

values of correlation coefficients and low values of all the error measures , It can be said that application of M5 

Model Tree is worth for the present study and can be explored further in the similar kind of research. Thus 

following are the concluding remarks enlisted here from  the present study :- 

▪ From the results it is clear that m5 Model Tree is competent enough  to predict the reservoir outflow at

different lead times.

▪ Good values of correlation coefficients, low values of error measures for all the developed models

portrays the applicability and efficiency of M5 Model Tree for the present study.

▪ The lower predictions at the peaks can be attributed to the difference between the maximum value and

other values in training  and testing data sets and  Variability in the data sets which affects the prediction

capability of  these soft models.

▪ From the entire exercise, it can be concluded that M5 Model Tree is suitable for reservoir outflow

modelling and can be explored further in case specific studies as well as in generalized applications of

water resources projects though there is scope for improvising the prediction accuracy at the peaks.
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Abstract 

The streamflow prediction plays a crucial role in sustainable water management, design of hydraulic structures, 

flood mitigation, etc. At the same time, it is challenging to predict due to the complex behavior of different 

physical processes. The physics-based models are often used for hydrological modeling. But, the recent 

development in the field of artificial intelligence has improved its applications in the field of hydrology. Both of 

the physics-based and data-driven approaches have their own strengths and limitations. Physics-based models are 

based on physical laws, while data-driven models can understand complex relationships in data. Here we have 

proposed the physics informed data-driven approach that incorporates the advantages of both approaches. The 

Soil and Water Assessment Tool (SWAT) is used for daily streamflow estimation of the Panchganga river basin, 

and its output is further processed with the Long-Short Term Memory (LSTM). In recent years it is observed that 
LSTM has grown in importance in time series applications due to its ability to learn long-term memory 

dependence. The performance of the given approach is assessed by comparing it with the data-driven model and 

the SWAT model. Various statistical indicators like Nash-Sutcliffe Efficiency (NSE), Mean Absolute Error 

(MAE), Root Mean Square Error (RMSE), etc., are used for performance assessment. The physics informed data-

driven approach outperforms the other two models. It has significantly improved the results obtained in the SWAT 

model. Its robustness can help in daily streamflow prediction at better accuracy. Further, this approach can be 

explored for flood forecasting at finer temporal resolution.  

Keywords: Streamflow, SWAT, LSTM, Panchganga, Physics informed data-driven approach 

1. Introduction

Effective and sustainable water management requires accurate quantification of streamflow. Various 

types of models are used for streamflow estimation, viz. data-driven, conceptual, physics-based. The 

data-driven or empirical models work on the empirical relationship between different variables. It often 

neglects physical laws that govern the physical processes. In contrast, conceptual models are based on 

semi-empirical equations with underlying physics. The physics-based models are governed by physical 

laws (Devia et al., 2015). At the same time, these models would prefer approximation in case of 

incomplete knowledge of the physical process, which further responsible for biases in output. On the 

other hand, data-driven approaches have worked well in extracting the required information from the 

data. The big data handling capacity, along with the ability to understand complex relationships in data, 

makes the Artificial Neural Network (ANN) applications more useful in various domains. The artificial 

neural network is a network of connected units called neurons and, their connections represent linear 

weights between neurons. The Recurrent Neural Network (RNN) is a class of  ANN, displays dynamic 

temporal behavior, and has the ability to remember information from the last time step. While, it faces 

difficulty in carrying long-distance dependency information, further removed by the Long-Short Term 

Memory (LSTM) through the introduction of gates (Wu et al., 2020). In recent years the LSTM has 

grown in importance in time series applications due to its ability to learn long-term memory dependence 

(Fu et al., 2020).   

Yang et al. (2019) have processed the output of five Global Hydrological Models with the 

LSTM machine learning technique. And this combined approach of a physics-based model and data-

science model was found to be useful in global flood risk assessment. Xiang et al. (2019) proposed 
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LSTM based sequence to sequence learning model to predict runoff from rainfall and 

evapotranspiration. The dynamic spatio-temporal attention (DSTA) with the LSTM framework can 

capture spatio-temporal meteorological input features like rainfall, temperature, evaporation, wind with 

the hydrological feature as streamflow. This framework performs well in streamflow forecasting (Feng 

et al., 2019). Li et al. (2020) proposed a high temporal resolution (15 min) rainfall-runoff model for 

flood forecasting using LSTM. In the streamflow prediction of small rivers, the LSTM can work well 

in extracting information chaotic real data (Hu et al. 2020). One way to combine both the physics-based 

and machine learning (ML) model is to use the output of the physics-based model as an input for the 

ML model (Willard et al. 2020). So here is an attempt to take advantage of the positives of both data-

driven and physics-based methods. This new approach is called the physics informed data-driven 

approach. The three types of models, viz. a physics-based model (SWAT), a data-driven model 

(LSTM), and physics informed data-driven model, are demonstrated in this study. 

2. Study Area

The Panchganga river originates in western ghats. It travels in the eastern direction and finally merges 

into the Krishna river. This river basin having a drainage area is about 2425 sq. km., and it extends from 

160 18' 50" N to 160 55' 28" N and 730 43' 29" E to 740 34' 48" E (Figure 1). It receives an average 

annual rainfall of 2405 mm. The observed streamflow at the Terwad station is obtained from the Central 

Water Commission (CWC). 

3. Data Used

The following two tables show data with their sources used for this study. Table 1 shows the data 

required for the SWAT model, while Table 2 gives details for data used in the physics informed data-

driven approach. 

Table 1 - Data used in the SWAT model 

Sr. No. Data required Source 

1. Digital Elevation Model (DEM) SRTM - 30m resolution 

2. Land use and Land cover map 1-km (Advanced Very High Radiometer

Resolution) AVHRR data

3. Soil map Food and Agriculture Organization (FAO) Soil 

Map (1:5000000) 

4. Daily climatic data (precipitation, minimum

and maximum temperature)

Indian Meteorological Department (IMD) 

gridded data at the spatial resolution of 0.250  

5. Observed streamflow Daily observed streamflow at the Terwad station 

(CWC) (2007-2014) 
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Figure 1 Study area   

Table 2 - Data used in the physics informed data-driven approach 

Sr. No. Data required Source 

1. Daily climatic data (precipitation, minimum

and maximum temperature)

Indian Meteorological Department (IMD) gridded 

data at the spatial resolution of 0.250 

2. Observed streamflow Daily observed streamflow at the Terwad station 

(CWC) (2007-2014) 

3. Simulated streamflow The SWAT model simulated streamflow for both 

calibration (2007-2011) and validation (2012-

2014)  

4. Methodology

Various types of models are available for streamflow estimation, viz. data-driven, conceptual, and 

physics-based. Here we have demonstrated a data-driven approach, a physics-based approach, and a 

combined approach, i.e., the physics informed data-driven approach for estimating streamflow. So the 

methodology comprises three parts. The first part is the use of a physics-based model here; it is the 
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application of the SWAT (Soil and Water Assessment Tool) model. While the second part deals with 

only a data-driven approach. And the remaining third part is the physics informed data-driven approach. 

4.1 SWAT model 

It is widely used in the field of hydrology. This model was found to be computationally efficient (Arnold 

et al., 1998). In hydrological modeling, the SWAT model processes Digital Elevation Model (DEM) to 

distribute river basins into subbasins. And further, these subbasins are divided into the Hydrologic 
Response Units (HRUs). Each of these HRUs is based on different soil types and land use forms. It 

controls streamflow at the outlet of each subbasin. The SWAT model provides the Soil Conservation 

Service Curve Number (SCS CN) method and Green-Ampt method as an option to calculate the surface 
runoff. Different methods, like Hargreaves, Priestly-Taylor, etc., could facilitate the evapotranspiration 

calculation. This model requires various inputs, which are listed in Table 1. The basic governing 

equation for the SWAT model is as follows –  

𝑆𝑊𝑡 =  𝑆𝑊0 +  ∑ (𝑅𝑑𝑎𝑦,𝑖 −  𝑄𝑠𝑢𝑟𝑓,𝑖 −  𝐸𝑎,𝑖 −  𝑤𝑠𝑒𝑒𝑝,𝑖 − 𝑄𝑔𝑤,𝑖)
𝑡
𝑖=1

(1) 

Where,  SWt = final soil water content (mm), SW0 = initial soil water content (mm), t = time (days), 
Rday,i = amount of precipitation on a day i (mm), Qsurf,i = amount of surface runoff on a day i (mm), Ea,i 

= amount of evapotranspiration on a day i (mm), wseep,i = amount of percolation and bypass flow exiting 

the soil profile bottom on a day i (mm) and Qgw,i = amount of return flow on a day i (mm). 

4.2 Data-driven approach 

The development of artificial intelligence encouraged its use in the field of science and technology over 

the last few decades. One of its applications is streamflow forecasting. Earlier classical models like 
Auto Regressive (AR), Moving Average (MA), Auto Regressive Moving Average (ARMA), Auto 

Regressive Integrated Moving Average (ARIMA), Auto Regressive Integrated Moving Average with 

exogenous input (ARIMAX), Linear Regression (LR) and Multiple Linear Regression (MLR) are linear 

in nature, used for streamflow forecasting (Yaseen et al., 2015). But due to its limitations in capturing 
non-stationary and non-linearity of hydrological data, these models are replaced by more robust non-

linear models like the Artificial Neural Network (ANN). Here we have used the LSTM model to execute 

a data-driven approach. For the data-driven approach, except simulated streamflow, all other data given 
in Table 2 is used. 

4.2.1 LSTM 

It is the type of artificial recurrent neural network (RNN). The vanishing gradient issue in simple RNN 

is removed with specially designed units called ‘gates’ and memory cells (Hochreiter et al., 1997). 
Figure 2 shows the LSTM structure with its components. The input gate (equation 3) of LSTM controls 

the quantity of input data to be saved in a cell state, which stores long-term memory. The forget gate 

(equation 2) regulates the retention of memory of the previous step into the current step. And the output 
gate (equation 6) controls output information that should be passed on (Li and Yang 2019). Equation 4 

and equation 5 calculates the candidate of new cell state and cell state, respectively. The final output of 

the LSTM unit is given by equation 7. In these equations, Wx and bx represent weight and bias for given 

gate or operation, respectively. The model performance depends on hyperparameters like batch size, 
epoch. In the training of data, batch size denotes selecting and training instances in different batches. 

The epoch shows the number of times the training data is processed by the model. The loss function, 

activation function, and optimizer also influence model performance. The loss function is used to know 
model error. The activation function is used to define output for a given input. And the optimizers are 

algorithms that help in reducing model loss. 
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𝑓𝑡 = 𝜎(𝑊𝑓 . [ℎ𝑡−1, 𝑥𝑡] +  𝑏𝑓) (2) 

𝑖𝑡 = 𝜎(𝑊𝑖 . [ℎ𝑡−1, 𝑥𝑡] +  𝑏𝑖) (3) 

�̃�𝑡 = 𝑡𝑎𝑛ℎ(𝑊𝑐 . [ℎ𝑡−1, 𝑥𝑡] +  𝑏𝑐) (4) 

𝐶𝑡 = 𝑓𝑡 . 𝐶𝑡−1 + 𝑖𝑡 . �̃�𝑡  (5) 

𝑜𝑡 = 𝜎(𝑊𝑜 . [ℎ𝑡−1, 𝑥𝑡] +  𝑏𝑜) (6) 

ℎ𝑡 =  𝑜𝑡 x (𝑡𝑎𝑛ℎ(𝐶𝑡)) (7) 

Figure 2 LSTM structure 

4.3 The physics informed data-driven approach  

It consists of the output of the physics-based model can be given as one of the inputs to the data-driven 

models. This is a newly proposed approach that accounts for the strengths of both physics-based and 

data-driven approaches. Here, one of the inputs passed to the LSTM model is the SWAT model's output, 

i.e., the SWAT simulated streamflow. The required input data for this approach is shown in Table 2.

4.4 Performance assessment 

The model performance is assessed with different performance indicators like Nash-Sutcliffe Efficiency 

(NSE) (equation 8), Percentage Bias (PBIAS) (equation 9), Mean Absolute Error (MAE) (equation 10), 
Root Mean Square Error (RMSE) (equation 11). 

𝑁𝑆𝐸 = 1 −
∑ (𝑄𝑜𝑏𝑠,𝑖 − 𝑄𝑠𝑖𝑚,𝑖)

2𝑛
𝑖=1

∑ (𝑄𝑜𝑏𝑠,𝑖 − �̅�𝑜𝑏𝑠,𝑖)
2𝑛

𝑖=1

(8) 

𝑃𝐵𝐼𝐴𝑆 =
∑ 𝑄𝑠𝑖𝑚,𝑖

𝑛
𝑖=1 − ∑ 𝑄𝑜𝑏𝑠,𝑖

𝑛
𝑖=1

∑ 𝑄𝑜𝑏𝑠,𝑖
𝑛
𝑖=1

x 100 
(9) 

𝑀𝐴𝐸 =
∑ |𝑄𝑠𝑖𝑚,𝑖 − 𝑄𝑜𝑏𝑠,𝑖|𝑛

𝑖=1

𝑛

(10)
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𝑅𝑀𝑆𝐸 =  √
∑ (𝑄𝑠𝑖𝑚,𝑖 − 𝑄𝑜𝑏𝑠,𝑖)

2𝑛
𝑖=1

𝑛

(11) 

5. Results and Discussion

The SWAT model is used as a physics-based model. The data given in Table 1 are the inputs for the 

SWAT model. Calibration and validation of the model are carried out for the time period of 2007-2011 

and 2012-2014, respectively. And warm up period chosen as 2004-2006. The manual calibration helps 
in a better understanding of the model (Brouziyne et al., 2017). So here manual calibration method is 

used to calibrate the model at daily time steps. The NSE value of calibration is 0.72. The parameters 

used for calibration with their calibrated values are shown in Table 3. Figure 4 shows the plot of 
observed and the SWAT model simulated streamflow for the validation period. In a data-driven 

approach and the physics informed data-driven approach, the time period for training and testing should 

be kept the same as for the calibration and validation period of the SWAT model, respectively. This 
facilitates a comparison of all these approaches for the same time period. In the training of the data-

driven approach, the input features used are average precipitation and average temperature with 

supervised transformation into three different data inputs of each variable, starting with time t, (t-1), 

and (t-2) while the target variable is observed streamflow. It assumes that streamflow at time t is a 
function (equation 12) of both average precipitation, the average temperature at time t, (t-1), and (t-2). 

Figure 5 shows a comparison of observed and data-driven model output streamflow during the testing 

period.  

𝑠𝑡𝑟𝑒𝑎𝑚𝑓𝑙𝑜𝑤𝑡 =  𝑓(𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑡,𝑡−1,𝑡−2, 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑡,𝑡−1,𝑡−2) (12) 

The physics informed data-driven approach has trained with input features as average rainfall, 

and the average temperature is used with supervised transformation into two different data inputs of 

each variable, starting with time t, (t-1). Along with it, the SWAT model-simulated streamflow is also 
given as input, and the target variable is selected as observed streamflow. So it assumes that streamflow 

at time t is a function (equation 13) of average precipitation and average temperature both at time t and 

time (t-1) with SWAT simulated streamflow at time t. In the testing period, both data-driven and the 
physics informed data-driven approaches had predicted streamflow for the said time period. Figure 6 

shows a comparison between observed and the physics informed data-driven approach output 

streamflow. 

𝑠𝑡𝑟𝑒𝑎𝑚𝑓𝑙𝑜𝑤𝑡

=  𝑓(𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑡,𝑡−1, 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑡,𝑡−1, 𝑆𝑊𝐴𝑇 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑡𝑟𝑒𝑎𝑚𝑓𝑙𝑜𝑤𝑡) 

(13) 

Table 3 The SWAT model calibration parameter 
Parameters Default value Calibrated value 

CN2: Initial SCS runoff curve number for moisture condition II 35 to 98 98 

GW_REVAP: Groundwater "revap" coefficient 0.02 to 0.2 0.02 

GWQMIN: Threshold depth of water in the shallow aquifer required for 

return flow to occur (mm) 

0 to 5000 300 

REVAPMN: Threshold depth of water in the shallow aquifer for 

"revap" or percolation to the deep aquifer to occur (mm). 

0 to 500 500 

SOL_AWC: Available water capacity of the soil layer (mm H2O/mm 

soil) 

0 to 1 0.55 

ESCO: Soil evaporation compensation factor 0 to 1 0.98 

CH_N2: Manning's "n" value for the main channel 0 to 0.3 0.014 
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In both data-driven and the physics informed data-driven approaches, the LSTM model's 

hyperparameters are the same. The batch size is kept as 48. If the batch size is the too large model will 

try to overfit with the target variable. In case of too small batch size model will train each batch with 
significant different instances, making it hard for the convergence of loss function. The number of 

epochs is selected as 40, as Figure 3 reported the minimum loss in training, and testing reaches at 40 

epochs. The activation function used here is the Rectified Linear Unit (ReLU) function, which could 
help to avoid gradient explosion. The mean absolute error is used as a loss function. The performance 

assessment is carried out with different performance indicators like NSE, PBIAS, RMSE, MAE. All the 

results of the evaluation using performance indicators are shown in Table 4. 

Figure 3 Variation in loss of train and test datasets with different epochs 

Figure 4 Observed streamflow (discharge) and the SWAT simulated streamflow (discharge) for the 
validation period (2012-2014)  
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Table 4 Performance evaluation 

Model 

Performance indicators 

Performance PBIAS RMSE MAE NSE 

SWAT model -37.17 192.43 78.83 0.63 Satisfactory 

Data-driven approach -28.48 208.11565 91.78 0.56 Satisfactory 

The physics informed 

data-driven approach -30.08 120.28 50.57 0.85 Very good 

The Nash–Sutcliffe efficiency (NSE) is a reliable and widely used statistic to assess goodness 

of fit for hydrological models (MacCuen et al., 2006). Its value varies between -∞ to 1. If NSE is 1, 

then it shows that there is a perfect match between modeled output and observed data, while if it is less 

than 0, then it shows observed mean is a better predictor than model output. Model performance is 

categorized using criteria given by Moriasi et al. (2015). For daily time step modeling, if NSE>0.8, 

0.8>NSE>0.7, and 0.7>NSE>0.5, then the model performance is very good, good, and satisfactory, 

respectively. The SWAT model has given satisfactory performance with higher NSE than the data-

driven model. The higher negative PBIAS value shows the model underestimates the streamflow. The 

data-driven model is also showing satisfactory performance as per NSE. Though it has a lower NSE 

than the SWAT model, it shows lower PBIAS. The PBIAS value shows better streamflow estimation 

than the SWAT model. The physics informed data-driven approach is giving very good performance 

with the least errors. The NSE of the physics informed data-driven approach is increased by 33% than 

of the SWAT model. The model predictions show better agreement with observed values. The PBIAS 

value of it is also lesser than the other two models. It shows that this approach is more robust than other 

models. 

Figure 5 Observed streamflow (discharge) and the output of a data-driven approach for the testing 

period (2012-2014)  
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Figure 6 Observed streamflow (discharge) and the output of the physics informed data-driven 
approach for the testing period (2012-2014)  

6. Conclusion

The physics informed data-driven approach shows better results than other models. It highlights that 
this approach would have the ability to leverage both data-driven and physics-based models. The output 

of a physics-based model is often affected by input data biases, improper selection of parameters. This 

output can be improved through the use of the physics informed data-driven approach. It can be useful 

in flood forecasting with input data at higher temporal resolution. The newly demonstrated approach's 
application for other basins is required to assess model scalability and generalizability. 
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Abstract  

In open channel flow, the friction factor plays an important role to describe various hydraulic parameters and in 

the computation of conveyance capacity. Reynolds number and various resisting factors play pivotal role in 

determining the friction factor in the flow. This can be simulated in the laboratory and can also be determined by 

field measurements. In this paper the geometric and hydraulic parameters are analyzed and incorporated to 

determine the friction factor. However, it was found that friction factor varies with aspect ratio, sinuosity, slope 

(geometric parameter) of the channel and Reynolds number, Frouds number (Flow parameter) for the flow.  Here 

laboratory data collected in a flume in the steady condition is used as the first set of instructions to a data-driven 

discovery technique i.e. Genetic Programming which ultimately manufactured the formulation of the expressions 

for friction factor. Various error analysis was done by separating the data set into training and testing data set. A 

good correlation was found between the discovered formula and the testing data set. Irrespective of the channel 

type (straight/meandering), channel cross section; this formula creates a common platform for evaluation of 

friction factor ƒ. The objective of this paper is not only to understand the whole process but to demonstrate an 

alternative discovery way for the problem.  

Keywords: Darcy-Weisbach coefficient, aspect ratio, bed slope, sinuosity, Reynolds Number, Frouds Number,, 

Gene expression programming, chromosomes 

1. Introduction

Channel and flow parameters influence the energy loss in a channel whether it is a straight 

channel or a meandering channel. In river analysis, discharge prediction is one of the most important 

factor which is to be addressed properly for proper flood management, storage reservoir and for the 

supply to the society. Erroneous approximation of resistance coefficient may lead to undervalue or 

overrate the discharge capacity of the channel or river. Lot of researchers have investigated the 

phenomenon of flow in straight as well as meandering channels. Patra and Kar , Patra and Khatua , 

Sellin, Shino et al have found that this investigation of resistance is much complex in meandering 

channels. So suitable value for determination of roughness coefficient is most important to predict any 

natural river flow. Again the methods of design for straight channel cannot be applied to meandering 

channels. But there is not a common platform to evaluate this coefficient of resistance which is the 

current topic of discussion. Classical methods don’t apply to other modified/ disturbed shaped channel. 
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So this led to the discovery of this data driven technique Gene Expression Programming for estimation 

of friction factor value for any shaped channel whether it is straight or meandering. 

Inadequacy of tradition method to explain the resistance in meandering channel, natural rivers 

required the application of soft computing techniques in this field. The main precedence of Gene 

Expression Programming over regression and other techniques is it provides a simple set of equation 

for the parameter to be found without assuming a prior form of existing connection. Multistage genetic 

programming for modelling of nonlinear systems was developed by Gandomi and Allavi(2011). 

Gene Expression Programming (GEP) is a genetic algorithm which requires a set of population 

of individuals, then selection is done on the basis of their fitness and then genetic variation is introduced 

using some genetic operators. It resembles the evolution process of life on earth. The genes and 

chromosomes carry the virtue from one generation to other generation. Chromosomes are simple 

entities: relatively small, compact and easily manipulated genetically. Similarly in GEP also there are 

genes which carry the virtue from the best fit operation on individual parameters from one generation 

to other generation and in this way after a number of generation, the algorithm evolves the best fit 

function for the set of data in the form of expression trees (ETs).  

In this paper, Laboratory data set of other researcher (Meandering effect for evaluation of 

roughness coefficients in open channel flow by Khatua, P.Nayak, M.tech thesis) has been collected in 

search of an improved model for predicting the friction factor ƒ for any channel. The analysis involves 

various hydraulic and geometric parameters such as aspect ratio α  (ratio of flow depth to that of channel 

width at bottom,  
ℎ

𝑏
), sinuosity Sr i.e. ratio of curved distance to the distance along the channel, 

bed slope Sₒ , Reynolds number Re (
̝𝛒𝐕𝐑

𝝁,⁄  , V = mean velocity of flow, Rhydraulic depth, 𝛒 =

density of fluid, 𝛒 = dynamic viscosity) , Frouds number Fr (𝑉
√𝑔𝐷⁄ ; g = acceleration due to 

gravity, D= hydraulic depth) . 

2. Experimental investigation and source of data

Khatua, Nayak (2011) conducted various experiments at the civil engineering dept. of NIT 

Rourkela to found out effect various factors contributing to the friction factor both for straight and 

meandering channel. Observations were made for two straight channels one  having rectangular and 

other having trapezoidal cross section and were named Type–I and Type-II respectively. Another set of 

experiments conducted in meandering channel both for rectangular and trapezoidal cross section named 

Type-III and Type-IV respectively. With the help of the hydraulic jack arrangement, the flume was 

tilted to have effect of various bed slope effect to the channel. The flumes were made with metal frames 
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having glass wall at the test reach. The detailed geometric features of the all the channel type are shown 

in table below. 

To the system, water was supplied from the overhead tank placed inside the hydraulic 

engineering laboratory of NITRKL. From the overhead tank, water was toured to the stilling tank below 

it. Between stilling tank and the channel, no of baffle walls were placed to decrease the turbulence of 

the flowing water and to have steady condition. At the end of the channel, a sump tank was there to 

collect the water from the channel and discharge was calculated from the water level at that sump tank. 

Again from that sump tank, water is pumped up to the overhead tank and in this way the total circulation 

of was made. A particular Cross section was chosen and with varying depth they calculated mean 

average velocity at that section. Again with the depth water Darcy-Weisbach friction factor ƒ was also 

calculated.   

Sl no 1 2 3 4 5 6 7 

Item 

Description 

Channel 

Type 

Geometry 

(Main 

channel) 

Nature 

of bed 

surface 

Channel 

width(b) 

(mm) 

Bed 

slope(Sₒ) 

Sinuosity 

(Sr) 

Flume size 

(m) 

Type-I Straight Rectangular 

Smooth 

and 

rigid 

bed 

120 0.0019 1 0.45*0.4*12 

Type-II Straight Trapezoidal 

Smooth 

and 

rigid 

bed 

120 

(Bottom), 

280(top) 

0.003 1 2*0.6*12 

Type-III Meandering Rectangular 

Smooth 

and 

rigid 

bed 

120 0.0031 1.44 0.6*0.6*12 

Type-IV Meandering Trapezoidal 

Smooth 

and 

rigid 

bed 

120 

(Bottom), 

280(top) 

Varying 1.91 2*0.6*12 

Table: 1 
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3. Development of Friction Factor ƒ Model

3.1. Factor affecting ƒ 

Ervine, Willets, Selllin and Lorena (1993) and Dash and Khatua (2016) proposed major 

factors which influence conveyance and the roughness parameter in a meandering channel. They found 

that the roughness coefficient varies with “aspect ratio, bed slope, sinuosity of the channel including 

relative roughness of main channel and flood plain”. The open channel flow is characterized by 

subcritical or turbulent, hence it led to take another two non-dimensional parameter Reynolds Number 

Re and Frouds number Fr for better explanation of  the flow conditions. 

As said, there are 5 parameters which affect the friction factor of the channel. While evaluating 

the effect of one parameter, others needed to be similar. While making other 4 parameters constant, the 

effect of that parameter on friction factor can be known and may be plotted in the form of a curve. 

Various of friction factor with depth of flow and with the velocity is being represented by Khatua and 

Nayak (2011) from which data set was extracted.  

ƒ =φ(α,  Sₒ,   Sr,   Re,   Fr)         (1) 

Using the equation 

U=√
8𝑔𝑅𝑆

Ƒ
 (2) 

And considering correlation with various traditional roughness equations, Khatua and Nayak found 

the equation for meandering channel. 

ƒ = 
𝟖 𝒗𝟏.𝟖  𝑺𝒓𝟐𝑺𝟎.𝟎𝟒

𝟎.𝟎𝟏𝟐  𝜶𝟐𝑹𝟐.𝟕𝒈𝟎.𝟗          (3) 

Where  𝑣 = Viscosity of the fluid . 

    G= acceleration due to gravity 

3.2 Gene Expression Programming 

As suggested by Azamathulla, Ahmad and Ghani (2013), GEP is a search technique 

which performs operations on mathematical expressions, used logical expressions and decision trees. 

Ferrira in 2001 proposed this GEP on the basis of its suitability evolution. The process includes the 

discovery of chromosomes for each individual in the data set and then the fitness for each chromosomes 

was calculated. Later based on the fitness value, chromosomes are selected for the evolution process to 

continue and the others were rejected. 
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     Fitness Function,        F =∑ (|𝑿𝒊 − 𝒀𝒊|)
𝒏
𝒊=𝟏 (4) 

Where 𝑿𝒊 = for fitness case I, it is the value returned by chromosome 

      𝑌𝑖 = Expected value for that fitness case 

Fitness function describes that how well the model is going to describe your expected 

value. In the current model Root mean square error (RMSE) analysis is done. Other error analysis could 

also be done for the same. 

After the selection process, each individual chromosome is subjected to modifications 

and the process is repeated for a number of generations until a solution for the problem is achieved. 

Sometimes it may so happen that the discovered model may not define the parameters very well, in 

those cases the head and tail of gene may be changed or no of chromosomes may be varied to achieve 

the solution. The mathematical operation which are being performed on the chromosomes are (+, -, *, 

/) with other functions such as exponent, logarithmic. Other many more function are available on the 

software and it depends on the user to choose the functions, he want to include in the modelling 

equation.  

In the current paper, GeneXproTools 5.0 is used to find the function. This tool uses the 

algorithm for Gene Expression Programming. This tool works on a various range if data set, selected 

as training and testing data set and selects the model based on their fitness values. The models are 

reproduced by genetic variations using mutation or recombination technique. This process is repeated 

for certain no of generations to achieve the solution.  

3.3 Development of GEP model for friction factor ƒ 

The following relation describes the dependency of friction factor on the 

hydraulic and geometric parameters, which is discussed earlier 

ƒ =φ(α,  Sₒ,   Sr,   Re,   Fr)

Here in the model design, Friction factor is taken as the response and other 5 parameters 

as the predictor. For the development the functions used are (+, - , *, /, exponent, logarithmic, x to the 

power 2, x to the power 3). Addition as the Linking function and with 3 genes programming, this model 

is developed. A large no of generation 50000 was tested in it. 

The data set contained 234 data out of which 170 were taken as training data and 64 

were taken as testing data. This modelling is carried out by fitness functions which generates a model 

to evaluate ƒ based on 5 depending parameters. These depending parameter may be dimensional or non-
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dimensional, can be used in the developed expression for ƒ. The channel may be straight or meandering, 

it does not affect the value of   ƒ which the model returns. 

The developed expression for determination of ƒ is  : 

ƒ = {
𝟑𝟔.𝟗  𝜶

𝑹𝒆
(𝑺𝒓 + 𝟏𝟎. 𝟏𝟗)( 𝑺𝒓 − 𝟏)} +   {𝑭𝒓 × 𝒆−𝑲𝟏}  +  {𝑺ₒ(𝑺𝒓 − 𝒆−𝑲𝟐)}

   (5)

Where   𝑲𝟏 = 2.36 + 8.61 S + 𝑭𝒓. 𝑺𝒓

 𝑲𝟐 = 2.57 (𝑺𝒓 −  𝑭𝒓 ) (6) 

4. Results and Discussion

Here, an attempt is made to find out the influence of above 5 discussed parameters in 

determination of friction factor ƒ. There are multiple models developed by the software for finding ƒ, 

but their performance was evaluated based on the coefficient of determination (R2), root mean squared 

error (RMSE), mean absolute error (MAE) which are defined below. The best fit model was selected 

and it was displayed in the form of expression trees (ETs.)(Figure 1). 

R2 = ( 
∑ 𝑥𝑦

√∑ 𝑥2 ∑ 𝑦2
)

2

 (7)  

RMSE= ( 
∑(𝑋−𝑌)

2

𝑝
)

1/2

       (8) 

MAE= ( 
∑ |𝑋−𝑌|

𝑝
)

1/2

          (9) 

Where x = (X – Xav)  :  y = (Y-Yav) 

X= observed values,   Xav= mean of X 

Y= predicted value  ,  Yav= mean of Y : P = no of samples 

From the analysis of the model, it was found that each variable in the input influences 

the output at some rate which is shown in the figure 2 and the exact percentage in which the variables 

affect the friction factor (output) is shown in table 2. It may be noted that, the selection of input vectors 

must be based on some relevant relationship with the response vector , otherwise there may be spurious 

results i.e. the algorithm will ultimately evolve a model to describe the relationship , but in that case 

that model is of no use. So that’s one aspect, the user has to look upon for good model creation. Here 
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the influencing parameters are taken based on the relationship found by Khatua and P.Nayak(2011) and 

some are taken to describe the flow conditions. 

Figure:1 

Figure: 2 

Here for both Figure 1 and Figure 2:: 

d0= α  , d1=S,  d2 = Sr,    d3=Re,     d4= Fr 
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Variables Percentage impact on ƒ 
α 16.55 

S 35.88 

Sr 31.82 

Re 13.78 

Fr 1.97 

Table: 2 

The results obtained from GEP model was subjected to various error calculation tests 

and the results are shown in table 3. From the results it can be conclusive that the evolved model best 

explains for both the training and testing data set. Hence the evolved model can be used to predict the 

friction factor in various channels. Training and  testing results are shown in figure 3 and figure 4 

respectively. 

Figure: 3 

Figure: 4 
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Model Training data set Testing data set 

Correlation coefficient 0.959 0.951 

R2 0.92 0.9 

RMSE 0.00232 0.0028 

MSE 0.0000053 0.00000788 

Best Fitness 997.68 997.19 

Table: 3 

From the figure 2, it can be found that the GP model is able to search the underlying 

relationship of the influencing parameters in order to predict ƒ. The main edge which GP gives over 

some soft computing technique, regression is that it can provide simplified generalized prediction 

equations without any kind of prior assumption of existing relationships. Again there may be many 

more no of equations which demonstrate the friction factor in a very good manner under certain 

laboratory or field condition or some data set, but those equations may not fit when the laboratory or 

field conditions are changed. 

5. Conclusion

An improved model for calculation of friction factor is developed using the GEP and 

with help of GeneXpro 5.0 tools. The model comprises of few geometric (α, S, Sr) and some hydraulic 

(Re, Fr) parameter. The entire data set extracted from Khatua and P.Nayak (2011) was randomly 

divided into 170 training and 64 testing data set. The data sets comprised of various slope and 

heterogeneous roughness values. Best fit model evolved by the software is taken here and its 

performance was observed by in terms of its R2, RMSE, MAE values for testing data series. While 

observed in an amplified manner, i.e. by calculating the % age error along the standard deviation was 

found  to be 7% and 10% for training and testing data set which is comparably much good and advanced 

than other traditional formulae. In future studies, researchers can include any dataset having different 

characterstics. 
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Abstract 

Since last decade research and applications in Data Science has crossed the many milestones. Availability of 

Data improves the command of the Machine Learning and Artificial Intelligence. It can be applicable to any 

man made or natural systems, all it needs is the Data that can be tested, managed, classified, processed and 

compared. There are several computational techniques that can be applied for backward modeling of 

Environmental Hydro-systems. Efficiency and adequacy of water, supplied from source to various nodes of the 

Water Distribution Network (WDNs), are prime requirements of system analysis, design and its operation. In 

this study the statistical approach is used to identify the location of leakage in the distribution network. The 

Hypothetical model is created to obtain pressure and flow data by simulating a model with known hydraulics 

and demand in EPANET. Leakage is applied at two locations and for leak detection, multiple locations are 

observed. Classification is obtained by applying a Machine learning approach. Statistical approach is applied on 

backward the Probabilistic model to get a possible source of leakage. 

Keywords: Water Distribution System, Machine Learning, EPANET, Leak detection 

1. Introduction

In recent times, advanced techniques are increasingly used by researchers to improve performance of 

Hydro-systems. Hydraulic models are built as Demand Driven (Volume Based) or Pressure 

Dependent (available Pressure Based). Demand Driven Analysis (DDA) is quite suitable for Model 

Simulation when the system operates under sufficient positive pressures and Pressure Dependent 

Analysis (PDA) is accurate for model simulation when the system operates in scenarios of pressure 

change on flow supplied. EPANET has capabilities for PDA and DDA through which various studies 

can be carried out for Background Leakage. False and weak joints, damages to pipe network, 

construction activities, Pipe bursts, age factors and so many factors are responsible for introducing 

leakage in municipal WDNs. As an alternative to physical security alone, sensors could be installed in 

the network to detect leakages and to initiate a means of protection within the distribution network 

itself. Moreover, monitoring devices could also be utilized to determine pressure heads and flows 

from WDN that can be helpful to locate leakages over a stretch. Data collected for sensors couldn’t be 

reliable every time as measurement has been carried out with observation of few sensors. It is required 

to develop leak detection techniques so that probable sources can be identified by setting up few 

observations as priors and posteriors can be created by analysing WDNs. Classifications can be done 

by Machine Learning approach and Identification of leakages are obtained by statistical approach. The 

study has been conducted to apply different computational methods to develop methodology of 

machine learning and statistical approaches for development of Leak detection Technique in WDNs 

2. Brief literature review

Statistical approaches are quite appraised along with modified hydraulic tools and techniques. Z. 

Poulakis, D. Valougeorgis,et al. (2003) developed Genetic Algorithm and Inverse Transient Method 

to detect leaks and friction factor of Water Distribution Network. Jonathan Rougier (2005) 

investigated leakage size and its location by locating uncertainty within WDNs. They used 

Probabilistic Mass imbalance approach and Gaussian-network approach for presentation and 

identification of leakages. Hydraulic tools and software can be used as an indirect measurement of 

leakage by analysing simulation results and compared with probabilities.  George Germanopoulos 
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(2007) has worked on Pressure driven Analysis for identifying problem of modelling in terms of 

leakage identification on basis of pressure losses. Later on direct techniques were also developed with 

respect to measurements. R. Puusta, Z. Kapelan, et. al (2010) conducted Minimum Night Flow (MNF) 

analysis and leak reflection method (LRM) as a part of field experiments for leak detection strategies. 

Machine Learning algorithms can be combined with Tools for the classification of detection model. 

Backward modelling can help to predict the probable source of leakage which gives the leakage paths 

in terms of model analysis. Zhang Hongwei and Wang Lijuan (2010) measured the flow networks and 

pressure networks by allowing tapings at the chronic locations. They developed the model in 

EPANET with Backward Propagation Artificial Neural Network. J Murahno, A. Ferreira, et. al. 

(2014) obtained a Leak Detection model using EPANET through Pressure Dependent Analysis. 

According to researchers, maximum collection of information are required from the sensors provided 

at nodal ends but in Indian scenarios,  provisions of sensors and operating devices are restricted in 

numbers throughout WDNs. The Methodology to be proposed should require minimum collection of 

information. 

2.1 Leak Detention Model 

Pressure Driven Analysis (PDA), allows the actual demand delivered at a node to depend on the 

node's pressure. For leakage model, Emitter parameters can be assign inti the model as a priors. The 

emitter coefficient calculates leak flow according to following equation  

𝑄 =  𝑘 𝑃𝛽 (2) 

The best way to determine k is to estimate the leakage within WDNs, Average Pressure at nodal ends 

and k can be obtain as: 

k = 
𝑄

𝑃𝛽 (3) 

Where Q is the Discharge in SI units, k could be the Discharge Coefficients and Emitter coefficient 

noted as β coefficients. For leak detection model it is always stated as 0.5. There are basically three 

approaches for calculation of leakage demand. 1. Use a Junction fixed base demand 2. Use a Junction 

base demand with a pattern that varies according to Night Day Factors 3. Use a Pressure Dependent 

Demand (PDA) as follows: 

d = 𝑘 𝐷 (
𝑃

𝑃𝑟𝑒𝑓
)

𝑃𝑒𝑥𝑝
(4) 

Where d is the Leakage Demand, D is the Reference Leakage demand, k is the coefficients, p worked 

as a Pressure within stretch, Pref is the referenced pressure along which leakage is supposed to be 

measure. Pexp could refer the Material. 

2.2 Computational Machine Learning and Statistical Approaches 

Combined methodology of Machine learning and Statistical Approaches can solve the prediction 

problems. Decision Tree Algorithm represents forward modelling i.e., from root to leaves. The 

implementation of linear programming on the linear tree structure allows backward/inverse modelling 

i.e., from leaves to root, where the leakage characteristics are the unknowns. Conditioned and

Posterior Probability density functions are developed to find probabilistic approach of unknown

quantity as follows:

P (B|A) = P (A and B) / P (A)         (5) 

Where P (B|A) = the probability of B given A, P (A and B) = Probability of Occurrence A and B, P 

(A) = Probability of occurrence.
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3. Hydraulic Modelling

Water Distribution Network of FP 212, 21 Lacs ESR DMA, Head Works 1, VESU, Surat Municipal 

Corporation, Surat modeled in EPANET 2.2.0. The network comprises 135 nodes and 170 links those 

fed by constant head reservoir. Ductile Iron Pipes are sculpted in EPANET ranging with Inner 

Diameter (ID) about 100 mm to 800 mm. Hazen - Williams Roughness Coefficient for DI Pipe 

assigned as 130 (Suggested by CPHEEO Manual of Water Supply System). Demand was obtained by 

distributing area wise population for each length. Nodal demand is associated with Hydraulic demand 

patterns. Pump curve obtained for 35 m of Head and 197.68 LPS flow which meets the peak demands 

of total network. Methodology comprises working out model building with known hydraulics and 

Introduction of Fictitious components. Simulation results treated as observations of posteriors. 

Following shows the Methodology to set priors for the leakage in Hydraulic model 

Figure 1 Simulation with Fictitious Components as priors in WDN 

3.1 Hydraulic Model Analysis 

Continuous water supply system is analyzed for varying demand patterns (peak 2.0) for hydraulic 

modelling. For pressure and flow measurement night flow analysis method is considered and 

observation obtained for 12:00 AM, where demand is near by 0.2 factor. Emitters are introduced at 

random Nodes (J-2180 and J-217) with Discharge coefficient 0.2. Pressure and Emitter exponent 

considered as 0.5 suggested by Rosmman, et.al. for Hydraulic modelling. Minimum pressure 

requirement is set for 20 m of H2O. Pressure Driven Analysis method is considered for Model 

Analysis. Mixing model is considered for Tank (ESR-1) for continuous incoming and allowance of 

water in a tank. 

Figure 2 Simulation with Fictitious Components as priors in WDN 

Create Model with 

Known Hydraulics 

& Demand 

Set priors by introducing 

Fictitious Component or Record 

the sensor observations  

Fictitious Components 

Run simulation 

and Conditional 

Probabilities  
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3.2 Model Outputs 

Simulation Results are quite stimulating for leakage point views as reduction was observed in 

Pressure and change was detected in Flow pattern within the stretch. Simulation results can be tested 

for individual participants of the leakage by applying conditional probabilities for backward analysis 

that could be near unity are the best participants for the leakage. These results can work as posteriors 

for conditional probabilities as an individual contributor. Observations related to sudden change in 

these variables may create possibilities of leakage within the distribution network. 

Figure 3 Pressure drop in probable nodes within WDNs 

Figure 4 Flow Measurements for leakage within WDNs 

4. Exploring Decision Tree for Leak Detection

Decision trees are constructed to develop the flowchart for decision making of classification. 

Outcomes are the decisions in terms of classifications. It is one form of supervised learning. At each 

step, find the attribute which can be used to partition the data set to minimize the entropy of the data 

at the next step. It is an algorithm which solves the complexity of the decision variables, as it goes 

down the tree, it just pick the decision that reduces the entropy the most at stage. 
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4.1 Leak Detection through Decision Tree 

Leakages can be predicted when classifications are treated as individual participants with their known 

probabilities. Decision Parameters need to be set as binaries in the program for the decision making 

i.e. 0 as a non-contributor, 1 as a contributor. In WDN problems, Individuals cannot be 100 %

participants as leakage spots, so results are manipulated as probabilities near 1 could be the participant

for leakage. Base demand, Actual demand, Pressure, Flow and Unit Head loss gradients could be the

decision variables that can be treated for probabilities. Leakages are associated with different possible

sources in terms of its probabilities. Tree will classify the parameters as per the probabilities of

occurrence. Tree predicts the most possible samples in each branch iteration. Normalization imitated

with each step to minimize entropy. Gini score will give the entropy minimization with each sample.

Figure 5 Decision Tree for Identification of Leakage 

5. Conclusion

Hydraulic model is simulated for the leakage identification by providing fictitious components in 

WDN. Simulation results are framed in terms of conditional probabilities to work out individual 

participant of leakage. Classification matrix has been prepared for decision variables and Decision 

tree built for the leakage prediction within WDN. Each steps shows the decision with samples those 

could be source or not. Value [not responsible, responsible] shows the samples those responsible for 

leakage or not. Each steps shows the reduction in entropy as a Gini score, which shows the accurate 

classification of leakage model. Assessment of Gini score is important to check the overfitting 

possibilities of Decision tree model. Tree model gives best representation of leakage spots that can be 

utilized to explore the potential applications with varied complexities. 
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Abstract 

In this paper, two data driven approaches namely multilayer perceptron neural network (MLPNN) and support 

vector regression (SVR) are used to model daily evaporation for a meteorological site located at Navagam, Gujarat 

India. A stepwise multiple linear regression (MLR) analysis is also performed by considering pan evaporation as 

dependent variable and maximum temperature, minimum temperature, and wind speed as independent variables. 

Performance evaluation of these techniques shows that MLPNN model with MAE of 0.977, R2 of 0.784, MSE of 

1.578, RMSE of 1.256 performs better than SVR model with MAE of 0.982, R2 of 0.760, MSE of 1.759 and 

RMSE of 1.326. Results show that SVR model performs better than the MLR model. 

Keywords: Evaporation, Multilayer Perceptron Neural Network, Support Vector Regression, Multiple linear 

regression 

1. Introduction

Meteorological data is useful in planning and developing sustainable water resource utilization. 

Accurate estimation of evaporation from agricultural fields and water bodies is needed for the efficient 

utilization and management of water resources at the watershed and regional scale. Pan evaporation 

data are very much useful in water budgeting at local and regional scale studies. Pan evaporation data 

collected from weather station is very useful in designing evaporation ponds (Khandelwal and Dhiman, 

2019). Machine-learning techniques namely Artificial neural networks (ANNs) and genetic 

programming (GP) use artificial intelligence for the modeling of complex hydrological systems. The 

features of these techniques provide neural networks with the potential to model complex non-linear 

phenomenon like the prediction of daily pan evaporation using measured meteorological variables. 

Sudheer et al. (2002)  used an artificial neural network algorithm for modeling evaporation. Erol and 

Ozlem (2006) proposed Artificial Neural Network (ANN) models are as an alternative approach of 

evaporation estimation for Lake Eğirdir. The results of the Penman method and ANN models are 

compared to pan evaporation values. The comparison shows that there is better agreement between the 

ANN estimations and measurements of daily pan evaporation than for other model.  

Tan et al. (2007) modeled hourly and daily open-water evaporation rates in areas with an equatorial 

climate. Shirsath and Singh (2010) carried out a comparative study of daily pan evaporation estimation 

using ANN, regression and climate based models. Tabari et al. (2010) estimated daily pan evaporation 

using artificial neural network and multivariate non-linear regression.  Ali and Saraf (2015) performed 

evaporation modeling by using artificial neural network and multiple linear regression technique. Malik 

and Kisi (2017) investigated the monthly pan-evaporation estimation in Indian central Himalayas using 

different heuristic approaches and climate based models. Patle et al. (2019) used multiple linear 

regression (MLR) and artificial neural network (ANN) techniques for the estimation of monthly pan 

evaporation. Results showed a slightly better performance of the ANN models over the MLR models 

for the prediction of monthly pan evaporation in the study area.  

In this paper, an attempt is made to develop daily evaporation model by using machine learning 

techniques MLPNN and SVR and multiple linear regression technique for a meteorological site located 

at Navagam, Gujarat, India. 
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2. Materials and Methods

Navagam station falls in Kheda district of Gujarat state India in semi-arid climate zone.  Daily 

evaporation is estimated using MLPNN for a period between 2002 -2013. The model (3-100-1) 

considers 3 inputs namely maximum temperature, minimum temperature and wind speed, with 100 

hidden layers and 1 output as pan evaporation using training data (70%) and testing data (30%).  A 

comparison of actual pan evaporation is made with the predicted evaporation. Support Vector 

Regression (SVR) was developed based on SVM models in order to solve complex problems. SVR is 

an effective tool in real-value function estimation. For this purpose, ε− insensitive loss function is 

identified which means that the model allows tolerating errors up to ε in the training data sets. 

Therefore, the SVR seeks for a linear function formulated as follows: 

𝑃(𝑥) = 𝐹𝑇Ø(𝑥) + 𝐿        (1) 

where F denotes weight, Ø(x) is the mapping function and L is the bias term. 

Multiple regression technique can be used to model daily pan evaporation data for Navagam 

meteorological station in terms of maximum temperature (Tmax) and minimum temperature (Tmin)  and 

wind speed (WS).  The general equation for multiple regression model in terms dependent variable y is 

assumed to be a function of k independent variables x1, x2, x3, …xk.  The model is expressed in the form 

𝑌𝑖 = 𝑏0 + 𝑏1𝑥1,𝑖 + ⋯ 𝑏𝑘𝑥𝑘,𝑖 + 𝑒𝑗  (2)     

Where b0 ,b1……bk are fitting constants; x1,i +…… xk,I represent the ith observation of each variable 

respectively; ei is a random error term. 

3. Results and Discussions

The descriptive statistics for variables namely daily maximum temperature (Tmax), minimum 

temperature (Tmin) and wind speed (WS) and pan evaporation (Ep) of Navagam meteorological station 

for a period from year 2002 to 2013 are shown in Table 1. The mean pan evaporation is 5.74 mm/day 

and maximum pan evaporation was found to be 16 mm/day at Navagam station. Table 2 shows the 

correlation between the variables. There is high correlation between maximum temperature and pan 

evaporation with coefficient of correlation R = 0.79. 

3.1 MLPNN Based Evaporation Estimation Model 

Daily pan evaporation is estimated using multilayer perceptron neural network model for a period 

between 2002 -2013. The Levenberg–Marquardt an iterative method is used for the study. The MLPNN 

model (3-100-1) considers 3 inputs namely maximum temperature, minimum temperature and wind 

speed, with 100 hidden layers and 1 output as evaporation. The dataset was divided into three sets, 

namely training and testing data consisting of 70% and 30% of the data values.  Figure 1 shows the 

relationship between actual pan evaporation versus the predicted evaporation. MLPNN model for 

Navagam station has MAE of 0.977, R2 of 0.784, MSE of 1.578 and RMSE of 1.256. 

3.2 Support Vector Regression Model for Estimation of Evaporation 

SVR model is used for estimating evaporation for Navagam station. Results give MAE of 0.982, R2 of 

0.760, MSE of 1.759 and RMSE of 1.326. Figure 2 shows the relationship between actual and predicted 

values of evaporation. 

3.3 Multiple Linear Regression for Estimation of Evaporation 
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SPSS software is used to carry out stepwise multiple linear regression (MLR).  Stepwise MLR method 

considers evaporation as dependent variable and maximum and minimum temperature and wind speed 

as independent variables. Results of various MLR models are shown in Table 3. Model 1 shows the 

relationship between Ep and Tmax with an R2 of 0.638 and standard error of estimate 1.62 mm/day. Model 

2 presents the relationship of Ep with Tmax and WS with an R2 of 0.705 and standard error of estimate 

of 1.46 mm/day while Model 3 gives better performance with an R2 of 0.728 with Ep versus Tmax, Tmin 

and wind speed with standard error of estimate 1.4 mm/day. Analysis of variance and the coefficients 

of relationships for all three models are given in Table 4 and 5 respectively.  The F-test statistic indicates 

a good linear trend between the evaporation and variables for Navagam meteorological station.  The 

Sig. value is reported to be 0.000 in SPSS output indicates that it is less than 0.001. 

4. Conclusions

Daily pan evaporation models for Navagam meteorological station are developed by using SVR and 

MLPNN machine learning approaches. Results show that MLPNN based evaporation model performs 

better than SVR model. However, SVR model performs better than stepwise MLR model. There is very 

strong correlation between maximum temperature and evaporation as compared to wind speed and 

minimum temperature. The developed models can be useful in predicting the evaporation in case of 

absence of measured pan evaporation data for the weather station. 
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Table 1 Descriptive statistics 

N Range 

Minimu

m 

Maximu

m Mean 

Std. 

Deviation Variance Skewness Kurtosis 

Statistic Statistic Statistic Statistic Statistic 

Std. 

Error Statistic Statistic 

Statisti

c 

Std. 

Erro

r 

Statisti

c 

Std. 

Erro

r 

Tmax 4325 36.6 10.1 46.7 33.763 .0715 4.6989 22.080 .104 .037 -.337 .074 

Tmin 4325 32.0 4.2 36.2 20.265 .0866 5.6973 32.459 -.361 .037 -1.125 .074 

WS 4325 18.7 .2 18.9 5.229 .0452 2.9701 8.821 .973 .037 .861 .074 

Ep 4325 16.6 .0 16.6 5.742 .0410 2.6943 7.259 .755 .037 -.002 .074 

(Note: Missing data is excluded) 

Table 2 Correlation matrix 

Tmax Tmin WS Ep 

Correlation Tmax 1.000 

Tmin .530 1.000 

WS .240 .444 1.000 

Ep .799 .389 .443 1.000 
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Table 3 Model summary 

Model R R Square Adjusted R Square Std. Error of the Estimate 

1 0.799a 0.638 0.638 1.62 

2 0.840b 0.705 0.705 1.46 

3 0.853c 0.728 0.728 1.40 

a. Predictors: (Constant), Tmax 

b. Predictors: (Constant), Tmax, WS 

c. Predictors: (Constant), Tmax, WS, Tmin 

Table 4 Analysis of variance 

Model Sum of Squares Df Mean Square F Sig. 

1 Regression 20020.252 1 20020.252 7613 .000a 

Residual 11367.741 4323 2.630 

Total 31387.994 4324 

2 Regression 22133.731 2 11066.865 5169 .000b 

Residual 9254.263 4322 2.141 

Total 31387.994 4324 

3 Regression 22859.628 3 7619.876 3861 .000c 

Residual 8528.365 4321 1.974 

Total 31387.994 4324 

a. Predictors: (Constant), Tmax 

b. Predictors: (Constant), Tmax, WS 

c. Predictors: (Constant), Tmax, WS, Tmin 

d. Dependent Variable: Pan Evaporation

Table 5 Coefficients for models 

Model 
Unstandardized Coefficients 

Standardized 

Coefficients T Sig. 

B Std. Error Beta 

1 (Constant) -9.719 .179 -54.328 .000 

Tmax .458 .005 .799 87.255 .000 

2 (Constant) -9.746 .161 -60.371 .000 

Tmax .421 .005 .735 86.338 .000 

WS .242 .008 .267 31.417 .000 

3 (Constant) -9.885 .155 -63.710 .000 

Tmax .471 .005 .822 87.875 .000 

WS .302 .008 .333 37.583 .000 

Tmin -.092 .005 -.194 -19.178 .000 

a. Dependent Variable: Evaporation
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Figure 1 Plot of actual evaporation versus predicted evaporation using MLPNN model 

Figure 2 Plot of actual evaporation versus predicted evaporation using SVR model 
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Abstract 

Water resources plays a crucial role in the economic development of any nation. The ever rising population and 

resulting new demands on limited water resources require efficient management of water resources. Stream flow is a 

measure of the rate at which water is carried by rivers and streams. The traditional stream flow measurement methods 

are difficult to implement and thus forecasting of stream flow can be proved valuable for water management. In 

extreme events like flood if we have three stations under consideration and one of them become inaccessible, the 
technique of correlating stream gauge stations can be beneficial. Correlation means to have a mutual relationship or 

connection, in which one station affects or depends on another. While correlating two nearby basins although some 

characteristics may differ from each other but the climate is generally similar and this bond of climate is the key for 

strong correlation between two stream gauge stations. In the present paper three stations of Godavari river basin 

namely Ashti, Bhatpalle and Tekra are correlated using Multigene Genetic Programming (MGGP). It gives an equation 

which can be utilized to predict any missing data of the inaccessible station. There are four combination of models 
which are developed and further assessed by error measures such as root mean square error, mean absolute error along 

with correlation coefficient. Ashti to Tekra model and combination of Ashti-Bhatpalle to Tekra model performed with 

great precision. Correlating work seems to be a promising technique for stations which are in flood-prone localities. 

Keywords - Stream flow, correlation, multi gene genetic programming. 

1. Introduction

Stream flow is a measure of the rate at which water is carried by rivers and streams. It is defined as the 
volume of water moving past a cross-section of a stream over given period of time. It is well acknowledged 
that stream flow process is a complex phenomenon and is not easily predictable because of its non
stationary features and highly non-linear relationship between stream flow and the characteristics of its 
catchment [Yaseen et al., 2015; Nourani et al., 2011]. 

The traditional stream flow measurement methods are area velocity method, dilution technique, ultrasonic 
method and slope area method [Subramanya, 1994]. At the time of extreme events like flood these 
traditional methods become problematic or difficult to implement. In such a scenario, forecasting of stream 
flow can be proved as beneficial. The monthly and annual stream flow records are used for wide variety of 
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water resources studies. Unfortunately, the records available for many stream gauge stations are either too 
short or they have a period of missing data. To counter this obstacle a technique of transfer of information 
from one or more nearby stream gauge stations to other can be implemented, it is also known as correlating 
stream gauge stations [William and Bums, 1983]. 

While correlating two nearby basins although some characteristics may differ from each other but the 

climate is generally similar. This bond of climate is the key for strong correlation between two stream gauge 
stations. The degree of relation between two stations is adversely affected by the on field distance between 
them, the relation becomes less reliable as the distance increases. An exception to this is that two stations 
which are on the same stream but are at considerable distance away from each other are generally closely 
related than the stations of nearby streams [William and Bums, 1983]. 

One of the most common ways to model stream flow process is to use data-driven techniques like Artificial 
Neural Network (ANN), Model tree (MT) and Genetic Programming (GP), which have the ability to learn 
about the data and extract the non-linear relationship between stream flow and its driving variables. The 
previous studies highlighted the fact that Multigene Genetic Programming is a promising technique and 
seldom used for forecasting. In the current research three stations of Godavari river basin namely Ashti, 
Bhatpalle and Tekra are correlated using Multigene Genetic Programming (MGGP). MGGP has a 
characteristic of providing a readily available equation which can be used in Excel to predict any missing 
data of the inaccessible station. The Multigene GP models are calibrated and developed in two distinct 
ways. In the first case, models are developed based on monthly arrangement of recorded data whereas in 
second case, the models are developed based on yearly arrangement of data. There are four combination of 
such models which are developed and further assessed by error measures such as root mean square error, 
mean absolute error along with correlation coefficient. 

The organization of the research paper is as follows: The brief information about Multigene Genetic 
Programming is introduced in the next section and is followed by insights of study area and model 
formulations. After the aforementioned sections, the results are discussed thoroughly along with the 
conclusion chapter. 

2. Multigene Genetic Programming

Genetic programming is the generalization of genetic algorithm that was mainly evolved for pattern 

recognition using programming technique [Koza, 1992]. It is a search algorithm based on the principles of 
Darwin's Theory of Evolution which is often paraphrased as "survival of the fittest". When the task is to 
build an empirical model of data acquired from a system, GP is often known as symbolic regression [Mehr 
et al., 2013; Mehr and Kahya, 2017]. GP is a self-structuring technique without requiring the user to know 
or specify the form of the solution in advance. The population of initial solutions is generated through a 
random processes such as full, grow, and Ramped-half and half methods [Searson, 2015]. Subsequent 
generations are commonly evolved through three genetic operators, namely reproduction, crossover, and 
mutation [Poli et al., 2008]. A representation of example of crossover and mutation operators to generate 
two new populations ( offspring) is as shown in Figure 1. 
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In recent years, several advancements for classical or monolithic GP such as linear GP (LGP), multigene 
GP (MGGP), multi-expression programming (MEP), and gene expression programming (GEP) have been 
suggested. All these advancements have a clear distinction in their genotype. MGGP is the most recent 
advancements of GP that linearly combines low depth GP trees in order to improve fitness of classical GP 
[Searson, 2015]. Owing to the use of smaller trees, the MGGP is expected to provide simpler models than 
those of classical GP [Searson, 2015]. In MGGP, predicted variables are computed by the weighted output 
of each genes in the multigene program plus a bias term. Therefore, MGGP employs the power of classical 
linear regression method to capture nonlinear behaviors without need for pre-specified nonlinear structure. 

In MGGP, each gene is a straightforward GP tree without any reference to any of the other genes in the 
same chromosome. Each initial chromosome may contain one or several standard low-depth GP trees. 
Maximum numbers of genes in chromosomes and depths of their genes are defined by modelers at first. 
Then, the standard sub-tree crossover and mutation transformations as well as the direct reproduction are 
used to generate offspring. Figure 1 below highlights the general flowchart of MGGP tree. Redears are 
referred to Searson, 2015 for further details. 

Figure 1 - Crossover & Mutation operations and Flowchart of Multigene Genetic Programming tree. 

3. Study Area and Model Formulation

The study area contains brief information about three stations which are used for the purpose of correlating 
the stream gauge stations. The stations used are Ashti, Bhatpalle and Tekra in their respective sequence 
from upstream to downstream. The present work deals with correlating three stream gauge stations of 
Godavari river basin, India. Godavari is India's second longest river after Ganga. Godavari River rises near 
N asik in Maharashtra state at an elevation of about 1067 m and flows for a length of about 1465 km before 
out falling in the Bay of Bengal. It lies between 73

°

24' to 83
°

4' east longitudes and 16
°

19' to 22
°

34' north 
latitudes and accounts for 9.5% of the total geographical area of the country. 

The following Figure 2 shows the map of Ashti, Bhatpalle and Tekra stations which are used for the work 
of correlating stream gauge stations. The stations are marked with Black circles and as it is visible from 
the figure that the sequence of stations is Ashti on upstream, Bhatpalle at mid location and Tekra on the 
downstream end. The data for all the stations was collected from http://indiawris.gov.in/wris/. 
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Figure 2 - Map of Ashti, Bhatpalle and Tekra stations [htp://indiawris.gov.inlwrisl]. 

3.1 Location Details 

3.1.1. Ashti station -
It is a small village in Chandrapur district of Maharashtra state. It belongs to Vidarbha region and located 
near Wainganga River which is a tributary of Godavari River. Wainganga is originating in the Mahadev 
hills in Madhya Pradesh and flows in south direction through Maharashtra for roughly 579km before joining 
Wardha River. Total 20 years of daily discharge data (from 1995 to 2014) is used for correlating. 

3.1.2. Bhatpalle station -
The Gauge and Discharge measuring station is in Adilabad District of Telangana State in southern India. It 
is located near Peddavagu River which is a tributary of Godavari River. It flows through the state of 
Kamataka and then enter in Telangana state. It flow around 432km before joining Pranhita River. Total 20 
years of daily discharge data (from 1995 to 2014) is collected and utilized for correlating purpose. 

3.1.3. Tekra station -
Tekra is a small village in Sironcha taluka in Gadchiroli district of Maharashtra state, India. It belongs to 
Vidarbha region and Nagpur division. It is located at 173km towards south from district headquarters of 
Gadchiroli and 877km away from state capital Mumbai. The data from 1995 to 2014 is collected and utilized 
for correlating stream gauge stations. 

3.2 Data Characteristics 

Data analysis is the process of evaluating data using analytical or statistical tools to discover useful 
information. It is a process for obtaining raw data and converting it into information useful for decision 
making by users. The data is collected and analyzed to answer questions and test hypothesis. 

Table 1- Data characteristics of the stations. 

Station Month Max 

(m3/s) 

Min 

(m3/s) 

Mean Skewness Standard 

Deviation 

Ashti July 24276 11.40 203.65 3.85 2723.38 

August 20613 59.88 1589.98 2.57 2981.89 

September 24481 135.00 2715.63 3.7 3011.95 

October 5511 73.07 555.16 3.07 723.75 

Bhatpalle July 2307 1.00 70.58 7.06 198.54 
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3.3. Methodology 

In the present work, three stations Ashti, Bhatpalle and Tekra of Godavari river basin are used for 
correlating. The correlating models are classified into two categories namely yearly models and monthly 
models. In both the cases, four models are calibrated and they are named as Ashti to Bhatpalle model, Ashti 
to Tekra model, Bhatpalle to Tekra model and Ashti and Bhatpalle to Tekra model. In case of first model 
of Ashti to Bhatpalle, Ashti is selected as input function whereas Bhatpalle is output. In similar way models 
of second and third case models are formed. In forth case, the combination of Ashti and Bhatpalle act as 
input whereas Tekra is taken as output. Further for each combination four models are developed of July, 
August, September and October months respectively. In case of Yearly correlating models, there are only 
4 models one each from the respective combination while in case of Monthly correlating models, there are 
altogether 16 models four each of respective combinations. The following tables (Table 2 & 3) 
represents the model formation on yearly and monthly basis. 

All the correlating models are developed using different parameters of MGGP and they are entitled in the 
following table (Table 4). All the parameters are selected based on trial and error method and past literatures 
and they are kept same [Londhe et al., 2019]. 

August 6652 1.32 121.66 12.07 365.31 

September 1567 0.94 88.19 5.94 156.73 

October 7862 2.94 61.12 18.3 361.12 

Tekra July 38915 14.24 2509.66 4.28 4306.31 

August 32665 126.92 4339.28 2.72 4324.25 

September 20695 256.93 3291.41 2.30 3403.30 

October 17223 92.30 1120.81 4.91 1512.73 

Table 3 – Model formation on the basis of Monthly arrangement of data 

Model no 1 2 3 4

Input Ashti Ashti Bhatpalle
Ashti &

Bhatpalle

Output Bhatpalle Tekra Tekra Tekra

Input Ashti Ashti Bhatpalle
Ashti &

Bhatpalle

Output Bhatpalle Tekra Tekra Tekra

Models For 
All

July August
Septembe

r
October
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4. Results and Discussion

The models are calibrated using MGGP with input parameter as discharge of upstream station and output 
as discharge of downstream station. The performances of each model in testing are examined using three 
model assessment parameters namely Coefficient of Correlation (r), Root Mean Square Error (RMSE) and 
Mean Absolute Error(MAE) [Babovic and Keijzer, 2002; Legates and McCabe, 2010]. To obtain the 
optimal solution, the MGGP algorithm was run several times with different combinations of the parameters 
(Table 4). The results of monthly models are shown in table 5 below. 

Table 5- Results of models based on monthly arrangement of data. 

The results of monthly model of September month (M-07) of Ashti to Tekra combination are discussed 
further for understanding purpose. In MGGP, eEach gene includes its weighing coefficient. The weight of 

Table 4 – Setting parameters for the MGGP. 
GP Parameters Parameter settings 

Population size 300 

Number of Generations 300 

Selection method Tournament 

Tournament size 15 

Crossover 0.80 

Mutation 0.18 

Termination criteria 300 Generations or fitness value less than 0, whichever 

is easier 

Maximum Number of Genes 4 

Maximum Tree depth 6 

Mathematical operators +,-,x,/,sin, cos, tan, exp 

Input Output Model No Month r RMSE MAE 

Ashti Bhatpalle 1 July 0.114 144.03 73.96 

2 August 0.506 102.90 57.26 

3 September 0.633 71.41 43.76 

4 October 0.260 109.45 47.56 

Ashti Tekra 5 July 0.838 1028.91 1011.22 

6 August 0.861 1801.73 990.07 

7 September 0.905 1782.87 1118.96 

8 October 0.562 303.15 183.81 

Bhatpalle Tekra 9 July 0.349 1999.05 1339.29 

10 August 0.616 2788.16 1830.73 

11 September 0.534 3550.29 2258.56 

12 October 0.364 341.27 223.94 

Ashti & 

Bhatpalle 

Tekra 13 July 0.839 1027.60 676.1 

14 August 0.917 1415.09 800.35 

15 September 0.928 1568.59 899.56 

16 October 0.780 229.51 134.72 

679



respective genes offer knowledge about importance of that genes while predicting the output. The gene 
having highest weight has largest contribution towards the final prediction. It is seen that the weights of 
genes 1, 3 and bias term are higher than the other genes indicating that they have higher contribution to the 
prediction of stream flow (Figure 3). The fitness chart shown in following figure indicates the convergence 
of MGGP solutions. It is evident that the mean programming fitness of the curve becomes smoother after 
200 generations and indicates that running the genetic for more generations does not offer significant 
favorable changes in the outcome. Thus the generations are limited to 300. 

�

Figure 3- Weights of Genes and convergence ofMGGP solution. 

The highlighting characteristic of Multigene Genetic Programming is that it provides a readily available 
equation which is used for forecasting. Each gene offers separate equation and equations of all these genes 

are optimized together to get the best-fit equation which is used to generate output stream flow. The 
following figure (Figure 4) illustrates the tree structures of each gene individually that comprises the model. 

Figure 4 - Tree structures of individual Genes. 

The Pareto front report of MGGP model M-07 shown in figure 5 below signals at the accuracy of each 
model against the complexity of evolved models. It is used to plot expressional complexity against the 
goodness of fit (R2) for all the models. The Pareto front report enables the user to visualize the performance
of solutions and select a solution that retains a balance between complexity and accuracy. Green dots 
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represent the Pareto front models in terms of model performance (1-R2) and model complexity. Blue dots
represents non-Pareto models. The red circled dot represents the best model in the population in terms of 
R2 on training data set [6]. It designates the best model presented that is not outperformed by any other
model in terms of complexity and fitness. The mathematical expression of best model in the population 
(shown by red dotted circle in figure 5) for monthly arrangement of data is given as follows, 
Q(tJ = 2222xQ-(7.28x 1o"-12x(7.62x10"15xQ-7.62x 10"15xQ"0·5))/Q"0·5-2222x((Q"2-Q"0•5+Q"3)/(Q+329))"0·5 

+2222x (Q-15.2) "0.5+4433x (Q-15.2) "0.5+4.8x10''4x (Q-Q"0·5+278) "0·5+ l.99x10"4xQ"0•25+6.79x10"4 

xQ"0·125-(7.62x 10"15x (Q+416) x (2xQ+403))/(1.37x10"11xQ"3+5.95x 10"13)-7.67xl0"5 •••••.•••• (1)

Where, Q(1J is predicted discharge of Tekra station for model M-07 and Q is corresponding observed 
discharge of Ashti station. The hydrograph in figure 6, between observations and predictions is plotted and 
it is visible that the accuracy of peak and trough predictions is impressive. 

Figure 5- Pareto front report ofMGGP Figure 6: Hydrograph of model. 

The other models are developed and examined in similar fashion and the results are presented in the 
following tables (Table 5 & 6). Table 5 indicates results of first way of model formation which is models 
based on monthly arrangement of data with respect to correlation coefficient between observations and 
predictions along with root mean square error and mean absolute error. For Ashti to Bhatpalle model of 
September month say model (M-3), the correlation coefficient is 0.633, RMSE error is 71.41 and MAE 
error is 43.76. If we assess all the four models of this combination we can say that August and September 
month models have performed better as compared to other two. For Bhatpalle to Tekra models we can say 
that August month model has performed better with respect to correlation coefficient while October month 
model has better performance in terms of RMSE and MAE error measures. In case of Ashti to Tekra model 
of July month say (M-5), the correlation coefficient is 0.838 and RMSE and MAE errors are 1028.91 and 
1011.22 respectively. If we compare all models of this combination, it is visible that September month 
model is offering highest correlation coefficient. When the models are compared on the basis of error 
measures, October month model outplays other models with significantly lower RMSE and MAE errors 
but this model has lower correlation coefficient. In case of model whose input is Ashti & Bhatpalle 
combined and Tekra as output all the four models have offered great results but if we compare them, it is 
visible that September month model is offering highest correlation coefficient followed by August model. 
If we consider RMSE and MAE errors as model assessment technique, then October model has far better 
results than the rest of three. 

Table 6 elaborates the results of models developed on the basis of yearly arrangement of data. When the 
models based on yearly arrangement of data are assessed thoroughly, we can say that Ashti to Tekra model 
(M-2) and Ashti & Bhatpalle to Tekra model (M-4) have performed excellently with respect to correlation 
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coefficient. The predominant reason for their good performances is their average of data and similar climatic 
condition (Table 1 ). The remaining two models are under performed in this arrangement of data. The Ashti 
to Bhatpalle model has very low RMSE and MAE error measures compared to other models. 

Table 6 - Results of models based on yearly arrangement of data. 

The mathematical expression for best model in the population (M-04) based on yearly arrangement of data 
is given as follows, (The equation can be further simplified). 

Q(t) =2.04xQ1-4.91 x 10"-4xQ2x(Ql +Q2"3/Ql "3+3xQ2/Ql-2xQ1 "0.5)+(8.64x10"15x(2xQ1 "0.5+2.21) 
x(l .53xQ2"2)"0.5+8.64x 10" 15xQ 1"0.5xQ2+8.64x10" 15xQ 1 "2)/(7 .04x 10" 13xQ 1+3.52x10" 13xQ2+ 1.41x10" 14x 
Ql "0.5+3.52x 10"13xQ2"2+(4.9x10"15(3xQ1 +3xQ2)"2+4.9x 10"15xQ1 xQ2(Ql +Q2)/(5.4x 10" 16xQ1 +7.21 x 10"1 
6xQ2+(1.8x 10" 16xQ 1)/Q2+4.92x10" 16xQ 1 "0.5+ 1.8x 10" 16xQ2"2)-(3.54x 10" 16xQ l-
8.49x 10"16xQ2+8.84x 10" 15xQ1 "1.5-414 

The frequency chart for M-04 for yearly arrangement is as shown in figure 7 below which 
highlights the higher influence of Ashti discharge in predicting the output. Figure 8 also displays 
the pareto chart. 

If we consider all 16 models of first way of model formation along with these 4 models, we can say that 
Ashti to Tekra models and Ashti & Bhatpalle to Tekra models have performed exceptionally well for each 
and every combination indicating brilliant accuracy of correlating these stream gauge stations. The 
remaining two combinations of model Ashti to Bhatpalle model and Bhatpalle to Tekra model have offered 
poor results. When the data driven models are used for prediction of discharge, the data sets of higher 
frequency tend to offer significantly better results. The statement is validated from the poor results of Ashti 

Input Output Model No R RMSE MAE 

Ashti Bhatpalle 1 0.389 204.05 92.38 

Ashti Tekra 2 0.802 3269.86 1517.09 

Bhatpalle Tekra 3 0.499 4753.14 2500.44 

Ashti & Bhatpalle Tekra 4 0.864 2765.92 1377.61 

Figure 7: Frequency chart for yearly model 04 Figure 8: Pareto chart for yearly model 04 
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to Bhatpalle model and Bhatpalle to Tekra model. The average or mean and standard deviation have 

influence on the performance of models. 

5. Conclusion

In the present research, the work of correlating stream gauge stations is carried out for three stations in 
Godavari river basin namely Ashti, Bhatpalle and Tekra. The models are formulated using Multigene 

Genetic Programming (MGGP) in two ways based on monthly and yearly arrangement of data. In case of 
Yearly correlating models, there are only four models one each from the respective combination while in 
case of Monthly correlating models; there are altogether 16 models four each of respective combinations 
as earlier discussed in previous sections. The data driven technique of MGGP is capable of performing 
correlating stream gauges, even for rather complex catchment system. MGGP has an advantage over other 

techniques that it gives an equation which can be readily utilized to predict any missing data of the 
inaccessible station. As the correlation between stations is dependent on catchment characteristics and 
climatic conditions it makes it possible for a hydrologist to have a good overview of the relationships 
between the hydrological characteristics. The Ashti to Tekra model and Ashti & Bhatpalle to Tekra model 
have shown great relation between them. The results of models seem to be influenced by average and 
standard deviation values of input- output stations. Also the output in MGGP is in the form of aan equation 

which can be readily used which makes MGGP a more sort technique. 
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Abstract 

Water, that is known as the lifeline of Human life sometime turns out to be so cruel that it takes away 

life of thousands of flora and fauna along with huge damage and loss of property thereby causing a 

catastrophic disaster called flood. One of the prime reason of this flood in the district of Dhemaji in 

Assam, India is embankment breaching. In this paper the causes and ecological impact of 

embankment breaching that caused about 98% of flood in Dhemaji is studied in detail. 

A door-to-door social survey and past reports of breaching since 1985 were scrutinized. The failure 

mechanism, soil characteristic, geometry and construction method of the embankment in the district 

was thoroughly examined and analysed. It was found that embankment beaching in Dhemaji is 

primarily due to erosion (45%), overtopping (25%), seepage/pipping/boiling (5%), sudden failure and 

slump down (13%), cut by people (8%) and some other reasons like blockage (4%). The reasons 

behind these causes of breaching were identified as use of under quality embankment materials, lack 

of protective measures, rise of river bed, decrease in discharge and widening of river width, sudden 

high water thrust, deforestation in upstream watershed, jhum cultivation in hills, rise of stone quarries 

and people encroaching towards the river. 

A total number of 90 embankment breaches since 1985 in Dhemaji has adverse ecological impact on 

the locality. Impact assessment carried out by social survey for recent embankment breaching in the 

year 2017 divulges that besides imbalance in the lifecycle of wild flora & fauna, 58 villages with 

23860 populations, 3715 hectares of cultivated area, 6895 large animals, 2278 small animals, 9054 

poultry were affected; about 1360 houses were partially damaged, 27 kutcha houses were fully 

washed away in that particular year only. 

Thus, it is recommended to stabilize the embankment material by using bio-enzymes. Laboratory tests 

with and without bio-enzymes are to be conducted for different soil properties like gradation, 

compaction, strength, permeability, atterbergs limits etc. to confirm soil stabilization. To determine 

the soil stability and seepage analysis, finite element modelling may be done; thereby develop a flood 

resilient embankment system. 

Keywords: Flood, Embankment Breaching, Impact Assessment 

1. Introduction

The temporal overflow of water to its low lying area is simply known as flood. This flood can also be 

defined as a relatively high stage in the river – normally a level at which the river overflows its banks 

and inundates the adjoining areas causing a catastrophic disaster. 

The temporal overflow of water onto its low lying areas may be due to several reasons. Over the last 

few decades, flood risks have dramatically increased owing to climate change and increased 

urbanisation. As a result of climate change, there is an increase in heavy rainfall, severe and frequent 

flooding which are difficult to predict. Urbanisation on the other hand, induces significant alterations 

to the local hydrological cycle by increasing impervious areas and simultaneously decreasing natural 

685

Paper ID - 074 

mailto:sanjib.gohain77@gmail.com,
mailto:bipulaec@gmail.com


vegetation cover (Brun & Band, 2000; Christopher, 2003; Kondoh & Nishiyama, 2000) resulting in 

flood. Different flood control structures such as embankments including spurs, porcupines, dikes etc. 

that have been built along rivers to prevent flood, most of the time play very important roles in flood 

defence but when it fails the water gets released with a high intensity causing flood. Examples of such 

events include the failure of the Teton Dam in 1976 (Ponce, 1982) and the New Orleans levee failures 

during Hurricane Katrina in 2005 (Sills et al., 2008). Often damage caused by this type of flood is 

more than normal flooding; as in this case vast amount of water is released in a very short time. 

Embankments constructed are designed for a particular extreme flood condition but with time the 

structural strength of the structures disintegrates and no longer resists recent extreme events causing 

flood. Embankments do not allow sediments to come out of the stream. So, the sediments start 

depositing in the river, the river bed rises and thus the adverse impacts of embankment increases with 

time. Due to increasing bed level, water carrying capacity of the river decreases, which help in 

breaching. It is therefore very much essential to understand the embankment failure process and to 

design a flood resilient embankment system that can help to mitigate damage caused by a flood. Klinj 

F. et al. (2012) in their study to search a robust flood risk management alternative for the Netherlands

also found that a change of policy away from conventional embankments towards gaining control

over the flooding process by making the embankments unbreachable is attractive.

Embankment breaching is not a new phenomenon, there lies numerous number of remarkable flood 

events due to embankment breaching in history. In 1421, the St. Elizabeth’s flood in Netherlands was 

caused as embankments were breached in plenty of locations near North Sea Coast. In 1570, the All 

Saints’ flood, which again caused due to embankment breaching in Netherland that took lives of more 

than 20,000 people and made thousands of people homeless. The great Mississippi Flood of 1927 

occurred when the Mississippi River breached. About 27000 square miles of area was flooded, 246 

people were killed and 7,00,000 people were displaced. Similarly, due to collapsing of embankment 

on the west bank of the Feather River, Yuba City, California; 38 people were drowned on December 

24, 1955. In January 2008, about 3500 residents of the city Fernley in Nevada, USA were evacuated 

due flood caused as the result of embankment breaching. In the same year an embankment in 

Munster, Indiana breached on the Little Calumet River causing a flood in most of the parts of the city. 

As per news reported in NBC News on May 31, 2019; an embankment was breached along the 

Arkansas River following which rural areas were evacuated in western Arkansas. In the same news, it 

was mentioned that earlier in the year, about two dozen embankment systems were breached or 

overtopped during Missouri River flooding that devastated vast areas of Nebraska, Lowa and 

Missouri. In the similar way India has also experienced many breaching events. In August 2017, flood 

water entered dozens of villages after the Rajawada embankment in Muzaffarpur breached. A total of 

4.21 lakh people have been shifted to 1,358 relief camps in different parts of the state. The 

embankment on Ghaghi canal in Raniganj village of Nighasan block of Lakhimpur Kheri district was 

breached on August 17, 2018. Flood waters inundated agricultural fields with standing crops and 20 

other villages. The breach has caused damage to about 1,000 hectares. It comprises cane and paddy 

with latter comprising 70% of the cultivated crop. 

In India, many of the states experiences such flood induced by embankment breaching. One of such 

state is Assam, for which flood has turned to be dark festival. Assam is situated in the north-eastern 

part of India. Geographically it is extending from 89o42’E to 96o E longitude and 24o8’N to 28o2’N 

latitude. As per assessment made by Rashtriya Barh Ayog; out of total 78.523 Lakh Hectares area of 

the state, 39.58% area is flood prone. This is about 9.40% of the total flood-prone area of India. The 

flood-prone area of the country as a whole is about 10.2% of the total area of the country. Thus, flood-

prone area of Assam is four times the flood-prone area of the country. This catastrophic disaster 

causes huge loss of life and property in Assam. According to report published in 2016 by National 

Disaster Management Authority of India, Assam has seen huge loss of animal population with more 

than 1,30,000 animals being affected by floods, which is 95% of the country. As mentioned by 

Minister of State for Jal Shakti, Ratanlal Kataria in Lok Sabha Assembly in July 2019; among the 39 

flood prone districts of the country, 9 districts are in Assam. If we trace the records of flood caused 

due to breaching in this Assam we can have a long count. The state has faced major floods in the 
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years 1954, 1962, 1966, 1972, 1977, 1984, 1986, 1988, 1998, 2000, 2002 & 2004 (Goswami, D.C, 

2005). As stated by Minister of state in the Water Resources Ministry, some of the major 

embankments constructed along river Brahmaputra and its tributaries were breached at 63 locations 

during June & July in 2012 (The Hindu, 27-08-2012). 

The districts or development-blocks of Assam with more losses includes Majuli (the biggest river 

Island), Dhemaji, North Lakhimpur, Dhakuakhana and few places of Barak valley in Assam. (Bora 

M.C., 2010). In the present study the Dhemaji district among these places was chosen as the study

area to carry out the studies. The flood situation in the worst-hit Dhemaji district in Assam was

critical when Gai River had taken to a new course by breaching the guide bund and washing away a

portion of the NH-52 & railway line in the area on 15th August following incessant rains in the hills of

Arunachal Pradesh. Both road and railway communications to the district still being cut off, and

thousands of displaced people forced to take shelter on embankments and relief camps. The death toll

in the district was six while there were reports of two persons still missing. 1,54,488 people of 261

villages in four revenue circles of the district —Sisiborgaon, Gogamukh, Jonai and Dhemaji — have

been severely hit in the flood (The Hindu, 19-08-2011). As per news in The Assam Tribune (18-08-

2014), a two-year-old child was swept away and a middle-aged woman was drowned by flood waters

in Lakhimpur district as overflowing rivers of the district inundated 100 villages with incidents of

breach of embankments. Similarly, the flood situation in Dhemaji district also deteriorated in 21st

August 2014 as more than 30 villages in Tekjuri and Jiadhal areas under Dhemaji Revenue Circle

were submerged yet again with the breaching of the Jiadhal embankment. About 30,000 people of

these areas were affected by that wave of Jiadhal flood (The Assam Tribune, 24-08-2014).

Many researchers from various parts of the world have tried to find the causes and consequences of 

embankment breaching so as to find a route for this problem. This embankment breaching processes 

are very complex and involve mixed-regime free-surface flow with over-falls and hydraulic jumps, 

pressurized pipe flow, strong vertical and lateral erosion, discrete mass failure, and head-cut 

migration. The failure mode and mechanism are affected by upstream and downstream water 

conditions, embankment configurations, and soil properties and state. (Altinakar M.S. et al., 2011). 

Hossain M.Z. et al. (2008) in his study on failure of embankments in Bangladesh concluded that the 

major causes of failure of embankments were cutting by public, overtopping, erosion, seepage and 

sliding. Some other causes were poor planning, design and faulty construction. Tension crack and toe 

erosion also accelerate the mass failure mechanism of riverbank. (Hossain M.B. et al., 2011). 

2. Methodology

The present work was initiated by collecting data of past reports of breaching since 1985 from the 

competent authority, ie. Water Resources Department, Dhemaji Division, Government of Assam; 

which were thoroughly scrutinized with the basic aim to find the causes of embankment breaching in 

the study area. Number of embankment breaches in each rivers and its cause of breaching were also 

identified for each breaching events. Based on the results, the rivers that had highest number of the 

breaching events and considering the constrains and suitability of conducting the study, three rivers 

namely Gai River, Jiyadhol River and Kumotiya River were considered for further studies. 

The study was carried forward by door-to-door social survey in the nearby areas of the rivers Gai, 

Jiyadhol and Kumotiya. The main objective of the survey was to find the root causes of embankment 

breaching and its effect on the locality. There were twelve different questions which were asked to the 

head of the house in order to get their view on the causes and effect of embankment breaching. 

Besides this, information regarding the rainfall pattern, flow morphology, flow pattern, strengthening 

or protection works of the embankment, flood fighting techniques etc. were also inquired to have a 

clear picture of the objective. About 10 households in both river banks of the three rivers to have a 

total number of 60 households that included villages such as Betonipam, Nilakh, Aktai, Tinigharia, 

Gheyari, Dihingia Gaon, Holodhunya, Nepalikhuti etc. were visited during the social survey. 
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3. Results & Discussions

3.1 Causes of Embankment Breaching 

The scrutinized data of door-to-door social survey and past reports of embankment breaching since 

1985 reveals that embankment beaching in Dhemaji is primarily due to erosion (45%), and 

overtopping (25%). Some other causes include seepage/pipping/boiling (5%), sudden failure and 

slump down (13%), cut by people (8%) and some other reasons like blockage (4%) as shown in fig. 1. 

The reasons behind these causes of breaching were identified as use of under quality embankment 

materials (basically riverside sandy soil), lack of protective measures, rise of river bed, decrease in 

discharge and widening of river width, sudden high water thrust, deforestation in upstream watershed, 

jhum cultivation in hills, rise of stone quarries and people encroaching towards the river. The river-

side sandy soil used are weak and more permeable that hammers with pore water pressure when the 

water level reduces thereby resulting in slump down or decrease in stability, thus erosion. The lack of 

protective measures has gear up the failure mechanism of the embankments. Deforestation in 

upstream watershed, jhum cultivation in hills, rise of stone quarries has resulted in increase of 

sediment carried by the rivers thus rise of river bed and overtopping. 

Interestingly, it was also found that different rivers in the study area had different predominating 

cause of embankment breaching though the basic reasons were similar. The prime causes of 

embankment breaching in river Kumotiya is due to overtopping (43%) and erosion (26%) as in fig.2, 

which was identified to be due to rise of river bed, increase in rainfall, widening of river width, use of 

poor quality embankment material, lack of protection measures etc. 

On the other hand, embankment breaching in river Gai is primarily due to erosion (39%), overtopping 

(28%) & cut by people (11%) as in fig.3. This is due to use of poor quality embankment material, 

deforestation in upstream watershed, jhum cultivation in hills, rise of stone quarries, rise of river bed, 

decrease in rainfall intensity, decrease in discharge, and people encroaching towards the river etc. 

Figure 1: Causes of Embankment Breaching Figure 2: Causes of Embankment Breaching in River 
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The main cause of embankment breaching in river Jiyadhol is due to erosion (82%) as in fig.4, which 

might be due to use of poor quality embankment material which are basically river side sandy soils 

and lack of protection measures that gets eroded by the water current. 

3.2 Effects of Embankment Breaching 

The results of number of breaching in different rivers of Dhemaji District since 1985 as shown in fig.5 

were quite devastating with river Brahmaputra having highest number of embankment breaching ie. 

28 times, followed by rivers Gai, Jiyadhol and Kumotiya with almost similar count of 14. 

Figure 5: Number of Embankment Breaching in different rivers of Dhemaji District since 1985 
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A total number of 90 embankment breaches since 1985 in Dhemaji has adverse ecological impact on 

the locality. Impact assessment carried out by social survey for recent embankment breaching in the 

year 2017 divulges that besides imbalance in the lifecycle of wild flora & fauna, 58 villages with 

23860 populations, 3715 hectares of cultivated area, 18,227 animals were affected; about 1360 houses 

were partially damaged, 27 kutcha houses were fully washed away in that particular year only as 

shown in table 1. Similar effects were also observed by Mili N. et al. (2013) in their case study on 

impact of flood and river bank erosion on socio-economy at Golaghat revenue circle of Golaghat 

district in Assam. 

Table 1: Effect of Embankment Breaching in a year 

River 

(Year of 

Breaching) 

No. of Villages 

and Population 

affected 

Cultivated 

area affected 

(In Hectares) 

No. of Animals affected Damage to Houses 

Large Small Poultry Fully Partially 

Kumotiya 

(2017) 

58 Villages 

23860 People 

3715 6895 2278 9054 27 1360 

Moreover, the devastating flood results in a severe problem of sand-plays. Instead of fertile silt 

deposition, the flood plain gets sterile sand deposition and consequently brings far reaching economic 

consequences to the farmers as well as to the agricultural labourers. 

4. Conclusion

The present study depicted that embankment breaching has turned out to be a severe problem for the 

study area. Erosion (45%), overtopping (25%), seepage/pipping/boiling (5%), sudden failure and 

slump down (13%), cut by people (8%) and some other reasons like blockage (4%) being the causes it 

is recommended to stabilize the embankment material by using bio-enzymes. Laboratory tests with 

and without bio-enzymes are to be conducted for different soil properties like gradation, compaction, 

strength, permeability, atterbergs limits etc. to confirm soil stabilization. To determine the soil 

stability and seepage analysis, finite element modelling may be done; thereby develop a flood resilient 

embankment system. 
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Abstract 

Scour is the major cause for bridge failure all around the world. There are various factors that play important 

role in generation of scour hole, such as pier design (shape, size) and flow conditions (velocity, depth). 

Downward flow in upstream of the pier is the force that initiates scour generation. Strength of this downward 

flow can be reduced if; a) flow velocity is reduced, and b) pier surface area of water projection is reduced. In this 

study, surface area of projection has been taken into account. In order to reduce the surface area of projection, a 

single circular pier can be replaced with a group of circular piers of smaller diameter. Various pier arrangements 

can be adopted for experimental study. In this study, experiments for various flow conditions have been 

performed with three-circular-pier group. The piers are arranged as an equilateral triangle with single pier in the 

upstream and the face-to-face distance between the piers equals to the diameter of the circular pier. Velocity data 

are collected using Particle Image Velocimetry (PIV). Considering the maximum obstruction width across the 

flow, which is 10% of flume width; pier group of 0.05 m diameter piers were used, so that the maximum 

obstruction width lies within permissible value. The results from the study show the hydrodynamics leading to 

scour for group of piers and its effectiveness. 

Keywords: Turbulence Characteristics; Circular pier; Pier group; Plane rigid bed; PIV. 

1. Introduction

Scour generating around the bridge piers is the major reason of bridge failure all around the world. In 

order to prevent or reduce the scour generation, it is very important to understand the physical 

mechanism caused by the interaction of flow fields and the bridge piers. With the knowledge of 

turbulence occurring in the flow field, the mechanism of scour can be explained and therefore, can be 

controlled. Among the studies, which presented basics of the hydrodynamics for flow field and bridge 

pier interaction and scour mechanism around cylindrical pier, Dargahi (1989) explained the vortex 

formation in the upstream of single circular pier and shedding in the wake of the pier. He also 

determined the dependency of horseshoe vortices on the Reynolds number and the diameter of the 

pier. In another study of flow around circular pier, experimental study was performed by Graf and 

Yulistiyanto (1998) for a circular pier on the rigid bed. They explained the effects on mean velocities, 

shear stress and vortices forming around the pier. Ahmed and Rajaratnam (1998) studied the down-

flow and its contribution on scour-hole generation and the flow past the pier. Khosronejad et al. 

(2012)  investigated circular and square piers for less scour generation. Various studies have been 

carried out over the decades to explain the hydrodynamics of flow around bridge pier and the 

mechanism leading to scour-hole generation. Major interest of researchers are now to find out the 

countermeasures to scouring. Ataie-Ashtiani et al. (2012), Das et al. (2017), Keshavarzi et al. (2018) 

carried out investigations by replacing the single circular pier with two in-line piers and three in-line 

and eccentric piers and compared the results with that of single circular results to find out an effective 

alternatives to reduce scouring. Vijayasree et al. (2020) presented experimental comparative study of 

flow hydrodynamics for circular and oblong pier on rigid bed. They also explained the influence of 

turbulence characteristics on scour-hole generation for both the cases. 
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The objective of this paper is to examine the flow field when three-pier-group of smaller diameter is 

used instead of one circular pier of larger diameter. The effects of smaller area of flow projection is 

investigated in this paper. An attempt has been made to explain the physics on scour-hole generation 

by carrying out the analysis of mean velocities and turbulence parameter in the upstream and 

downstream of the pier-group. The instrument used to collect the data is Particle Image Velocimetery  

(PIV). It is a non-intrusive instrument which uses laser system to capture illuminated images with the 

help of high definition camera. PIV is capable of capturing instantaneous velocities along any defined 

plane at a time.  

2. Experimental setup and procedure

2.1 Experimental flume setup 

The experiments were conducted in a 16.5 m long, 1 m wide and 0.85 m deep flume at the Hydraulics 

Laboratory of the Department of Civil Engineering at Indian Institute of Technology, Bombay, India. 

The flume has glass side walls to facilitate data collection and visual observations of the flow pattern 

occurring inside the flume, whereas, the bed of the flume is made of concrete and finished plaster. 

Water was stored at the reservoir tank situated at the downstream of the flume and was pumped out 

through pipe system to the upstream tank of the flume. From there the water was supplied to the flume 

with the help of another pump fixed at the upstream tank. To maintain the desired discharge through 

the flume, water supply was controlled by regulating the RPM of the pump using a Variable 

Frequency Drive (VFD). In order to make the flow vortex free, stilling grids were provided at the 

entry of the flume to eliminate the large eddies from the flow. An adjustable tail gate was installed at 

the downstream end of the flume so that the flow depth could be varied as desired. The PIV sheet 

optics was clamped on a movable trolley which was placed over the flume rails. Figure 1 shows the 

schematic diagram for side view of the flume setup used for the experiments in this study. 

Prior to conducting the experiments, fully developed flow region was identified in the flume to fix the 

test section for data collection. Experiments were conducted for three flow conditions over the plane 

rigid bed and instantaneous velocity data were collected. Streamwise velocity profiles were plotted to 

verify the uniform flow regime in the flume. 

Figure 1 Schematic diagram of experimental setup (side view) 
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Figure 2 schematic diagram of pier arrangement in the experimental flume (top view) 

Figure 3 Photographs showing pier group arrangemen (a) top view, (b) side view 

2.2 Pier group model 

The diameter of the circular pier was fixed taking into consideration the maximum permissible 

obstruction width. The maximum pier diameter to flume width ratio, D/b, allowed is 10% to avoid the 

contraction effects (Laursen and Toch 1956, Chiew and Melville 1987). D is the effective diameter of 

the pier and b is the flume width. This relation was proposed to avoid the pier blockage effects and to 

eliminate the side-wall effects. Therefore, circular piers of diameter 5 cm were used in this study.  

Three circular piers were arranged so as to form an equilateral triangle with its apex in the upstream 

side. The schematic diagram of the pier group arrangement in flume is shown in figure 2. The face-to-

face distance between consecutive piers adopted was equal to the pier diameter, i.e. 0.05 m. The piers 

were carefully installed in the flume in a way that the baseline of the triangle, formed by joining the 

centre of the piers, lies at a section 10.20 m from the inlet of the flume. All the piers were painted 

black to avoid possible noise in data caused by reflection of the light when using PIV for data 

collection. The area inside the pier group, which is shown by red arrow in figure 2, was not captured 

by the camera due to obstruction by the pier in eccentric location due to which the data was not 

available for that stretch which also shown by the light grey section in adjacent downstream to the 

front pier in side view. Figure 3 (a) and (b) show the pier group arrangement fixed in the flume in lab. 

2.3 Experimental procedure 

Calibration was done prior to the data collection using PIV. A standard white calibration tile of 

dimension 0.45 m × 0.45 m, with equidistant black dot markers was used. The tile was placed along 
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the flow field where the images are to be captured and water was filled in the flume up to the top of 

the tile. The tile was aligned with a constant light and calibration image was captured in the two high 

definition cameras mounted on a traverse. All the black dot markers should be identified in the image 

for the acquisition software to convert the pixel values to physical distances. Calibration tile was 

removed after the flow field is successfully calibrated and desired flow condition was established in 

the flume. 

Table 1 Flow conditions for experiments 

In this study, experiments are conducted for five flow conditions. Table 1 gives the details of the flow 

conditions. Instantaneous vector field images were captured by the two cameras along the centre line 

of the flume at a rate of 15 Hz. Images were collected for both upstream and downstream of the pier 

group. Raw images were stored in the computer to further process to obtain the instantaneous velocity 

data. These instantaneous velocities can be processed to evaluate the turbulence characteristics of the 

flow in the captures flow field. 

3. Results and discussion

3.1 Streamwise velocity 

Figure 4 shows the contours for mean velocity in the streamwise direction along the centre line of 

flume. From the contours, it can be clearly seen that due to the obstruction caused by the pier, 

streamwise mean velocity reduces as it approaches the pier group and reduces to zero as flow strikes 

the pier. Effect of presence of pier extends only up to a small distance in the upstream direction and 

beyond that the contour shows the fully developed flow velocity profile. Stagnation effect extends 

further in the upstream for higher flow velocity. However, no prominent flow reversal was observed at 

the pier front indicating the absence of horseshoe vortices. 

On the downstream of the pier group, the contour shows two different regions of flow. Contours show 

a region of low velocity towards the surface resulting in the formation of wake vortices in the region, 

though the strength of these vortices is not high. Whereas, higher velocity region was observed 

towards the bed, indicating high turbulence in the region. Interestingly, low velocity region disappears 

for higher velocity and also the high velocity region shifts downstream. This shift indicates that the 

effect of turbulence in the flow, created due to the obstruction extends downstream as the velocity 

increases. 

3.2 Vertical velocity 

Vertical velocity contours are shown in figure 5. Interesting flow pattern was observed in the upstream 

of the three-pier group arrangement along the centre line. Along the centre line, the flow is obstructed 

by a single pier only, as other two piers are placed in a staggered manner forming a triangle. It is 

understood from the scour mechanism that higher the projection area, higher will be the down-flow 

Cases 
Flow depth 

(m) 

Average flow 

velocity (m/s) 

Discharge Q 

(m3/s) 

Reynolds number 

Re 

A1 0.2 0.18 0.036 36000 

A2 0.2 0.25 0.05 50000 

A3 0.2 0.3 0.06 60000 

B1 0.3 0.25 0.075 75000 

B2 0.3 0.3 0.09 90000 

B3 0.3 0.38 0.114 114000 
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and hence, higher will be the bed particle removal. The diameter of the piers used in this study is 5 cm 

making the flow projection area less and hence significantly reducing down-flow at the pier front. 

Also, being smaller in diameter, single pier offer less obstruction to the flow, allowing easy lateral 

diversion of flow. In this study, contours show a smooth pattern of down-flow for low velocity for 

both the flow depths, at the upstream face of the pier. Whereas, as the approach velocity increases, the 

down-flow pattern becomes distorted and also the region of negative vertical flow is seen reducing. 

Although, down-flow was not seen reaching the bed level in any of the cases. According to ideal 

mechanism, as the down-flowing water strikes the bed, it leads to dislodging the bed particles and 

these particles are driven to the upstream region by the reverse flow taking place near the bed. 

However in this study, down-flow doesn’t reach the bottom and hence no reverse flow or the particle 

removal at the upstream of the pier can be seen. 

Figure 4 Contours of streamwise velocity 

Figure 5 Contours of vertical velocity 
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In the downstream of pier-group, the maximum effect in vertical velocity was observed in case A1.an 

upward flow region was seen at the rear near the bottom and downward movement of flow near the 

surface. Negative vertical velocity region vanish gradually in the downstream direction. Upward 

movement was observed at just downstream of the pier-group throughout the depth which is 

discontinued after approximately 5 cm distance in the downstream. Vertical movement is prominent 

for flow depth 20 cm and most affected for 20 cm flow depth and 18 cm/s approach velocity.  

3.3 Turbulence Intensity in streamwise direction 

Turbulence intensity (TI) indicates the strength of fluctuations of the flow. Fluctuation about the mean 

velocity is caused due to the turbulence in the flow. High value of TI in a particular direction indicates 

that the turbulence in that direction is high. High turbulence leads to higher degree of mixing of water 

particle in that direction which is responsible for bed particle removal and so cause generation of 

scour hole near the piers. 

Figure 6 shows contours for turbulence intensity in streamwise direction. Interestingly, the TI pattern 

is very similar to that of streamwise velocity. TI is low in the region where low streamwise velocity 

was observed. Turbulence is more where the streamwise velocity is high. In the upstream of the pier 

group, intensity is found to be weakening as the flow approaches towards pier. Whereas in the 

downstream of the pier group, intensity is low towards the surface in case of flow velocity 0.18 m/s 

and flow depth 0.2 m. similar trend was also followed for flow depth 0.3 m/s. For the lowest velocity, 

0.25 m/s, low intensity was observed near the surface. 

TI contours indicate that high turbulence occurs towards the bottom. In case of both the flow depths, 

turbulence is high at the rear of the pier group near the channel bed, indicating high mixing of 

particles and hence, leading to bed particle removal from the region. As the flow velocity increases, 

this low intensity region shifts towards the pier group appearing throughout the depth, and high 

intensity regions shifts farther downstream. Following the trend, it can be inferred that as the flow 

velocity increases, turbulence decreases at the rear side of the pier group. 

3.4 Turbulence Intensity in vertical direction 

Contours of turbulence intensity in vertical direction are shown in figure 7. Understood from the 

vertical velocity contours, there is low TI in the upstream of the pier group beyond the region where 

the upward flow is occurring. TI in the upstream increases for higher approach velocity, however, the 

intensity was found to be higher in case of flow depth 0.2 m. TI is higher near the bottom and reduces 

towards the water surface. Contours show high turbulence in vertical direction at the rear of the pier 

group. Highest turbulence occurs at the rear of the pier for case A1 and reduces towards the surface as 

we move downstream. Contours for other cases show interesting patterns. For A2 and A3, low 

turbulence was observed near the bottom and the turbulence increase towards upstream.  

However, for case B1-B3, low turbulence occurs near the bottom and the surface and comparatively 

high turbulence appeared in between these low turbulence regions. High turbulence region disappears 

for high velocity as both low turbulence regions shit toward each other. 

3.5 Reynolds shear stress 

Figure 8 shows Reynolds shear stress (RSS) trends along the plane uw, which represent vertical flux 

of streamwise velocity. It can be observed from the contour plots that the RSS in the upstream of the 

pier group is negligible because the fluctuations in the upstream is less. Turbulence caused by the pier 
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group result in higher fluctuations due to which RSS is high at the rear of the pier. Negative values of 

RSS at the rear of the pier indicate upward flux of streamwise velocity which is caused due to the 

wake vortices. Intensity of RSS reduces for higher velocity and also for higher flow depth. 

Figure 6 Contours of turbulence intensity in 

streamwise direction   

Figure 7 Contours of turbulence intensity in 

vertical direction  

3.6 Turbulent kinetic energy 

Figure 9 shows the contours for turbulent kinetic energy along the centre line of the flume. Due to 

stagnation effects at the frontal of the pier, turbulent kinetic energy (TKE) of the flow reduces as it 

approaches towards the pier and minimum energy is observed at pier front. It can be inferred from the 

plots that in the downstream region, TKE reduces along the centre line for higher flow velocity in case 

of three pier group arrangement. Highest TKE was observed at the rear of the pier group for flow 

depth 0.2 m and flow velocity 0.18 m/s. Low TKE values are seen near the surface which shifts 
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toward the bottom as the flow velocity increases. TKE for flow depth 0.3 m was comparatively low in 

the downstream of pier group than that for 0.2 m flow depth. 

Figure 8 Contours of Reynolds shear stress in 

plane uw 
Figure 9 Contours of Turbulent kinetic energy 

4. Summary and conclusions

Experiments were performed to study the flow hydrodynamics in the vicinity as well as in upstream and 

downstream of a three-pier group. Circular piers of 0.05 m were fixed on a rigid bed in triangular pattern 

with single pier in the upstream along the centre line of the flume. Piers were fixed equidistant from each 

other with 0.05 m (G=D=0.05 m) face-to-face distance between them. Six sets of experiments were 

performed and the data was collected along the centre line using a PIV. Raw PIV images were processed to 

obtain mean velocities u, v and w, from the collected instantaneous velocities. Fluctuations about the mean 

velocities were calculated and further used to obtain turbulence intensities, Reynolds shear stresses and 
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turbulent kinetic energy. Contours were plotted so as to provide visual observation of the changes in flow 

patterns in the vicinity of the pier group. 

This study presents the explanations on variations in turbulence characteristics of flow interacting with the 

three-pier group.  Further, mechanisms which lead to scour is explained on the basis of obtained flow 

patterns and turbulence quantities. As given in the literature (Dargahi 1989; Graf and Yulistiyanto 1998), 

down-flow at the pier front is the phenomena that leads to the scour generation at the toe of the pier and 

down-flow has been obtained in all the studies available. In case of three-pier group experiments 

performed for this study, downflow occurring at the upstream of the pier does not strike the bed, indicating 

reduced bed particle removal from the vicinity. Trends of horseshoe vortices were not observed in the 

vicinity of the pier in upstream side. Flow separation did not occur in any of the conditions, hence it can be 

inferred that three-pier group arrangement adopted in this study effectively reduces the turbulence 

parameters that lead to scouring at the pier nose. Wake vortices formed in the downstream of the pier group 

were also significantly weak. Interesting patterns were observed in vertical velocity at the upstream side of 

the pier group. Downward movement of flow was observed at 0.005 m to 0.01 m upstream distance from 

the pier group. Smooth transition of vertical flow was observed for low velocity, which was seen disrupting 

as the approach velocity increases. Turbulence intensities, Reynolds shear stress and turbulent kinetic 

energy were obtained to highest for case A1, where flow depth is 0.2 m and mean approach velocity is 0.18 

m/s. Values of turbulence parameters reduce for higher velocity. This study is helpful to understand the 

scouring phenomena that takes with a group of piers. Further studies on the sediment bed is in progress for 

various cases. 
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Abstract 

Detailed study of three dimensional velocity data in a 180° bend with combination of submerged vane and 

riprap were done experimentally. Acoustic Doppler Velocimeter was used to measure the three components of 

instantaneous velocities at multiple cross sections in bend for scoured bed with combination of submerged vane 

and riprap. The three dimensional velocity data shows that the disruption of spiral flow due to the presence of a 

combination of vanes and riprap appears to play a major role in the modification of the scour pattern. Moreover, 

the installation of vanes and riprap at the outer bank of the bend influenced the magnitude and distribution of 

streamwise component across the sections. Basically, the placing of riprap does not cause any major change in 

the flow or vortex formation, the submerged vanes placed along the toe is mainly responsible for modification 

of flow pattern in presence of combination of vanes and riprap. The vane not only intercepts the cross-flow but 

also reduces the magnitude of the streamwise velocity component around it. Overall magnitude of streamwise 

component is reduced in the bend with its more influence at the outer bank and the scour is reduced by about 

85%. The experimental results obtained from the present investigation can be used for validation of analytical 

works and also will be useful in efficient design of protection works at bends. 

Keywords: Three dimensional flow; channel bend; scour; protection; vane; riprap 

1. Introduction

Flow at bends in meandering channels and alongside bars and confluences in braided channels is 

sharply three-dimensional. The flow field in a river bend undergoes some important modifications 

compared with the one in a straight river reach. Velocities in the plane normal to the axis of primary 

or longstream flow are termed secondary currents and coherent patterns of these currents, termed 

secondary cells, can influence the distributions of primary velocity and tractive force that erode the 

banks. However, the patterns of secondary cells, especially close to eroding banks, are poorly 

understood. It is known that plunging flow close to the outerbank in natural meanders often promotes 

deep toe scour and that the sweeping effect of inward directed secondary currents near the bed 

promotes point bar growth at the inner bank. These processes are important to the growth of 

meanders, but more to the point here, they are fundamental to the mechanisms of bank failure, and 

influence the effectiveness of many types of bank and channel stabilization work. Unfortunately, 

secondary currents can usually be addressed in design only indirectly, by letting the stream integrate 

them into its behaviour, along with all the other geomorphic, hydraulic, and geotechnical 

processes.Erosion at bend in a meandering channel is due to change of energy of the flowing water. 

The investigations of flow phenomena in open-channel bends are generally accredited by Thompson 

(1876), who firstly reported the spiral or secondary motion in a channel bend. Since then, many 

investigations have been conducted (Mockmore 1943; Shukhry 1949; Rozovskii 1961; Yen 1965). 

Secondary flow is a characteristic feature of flow in open-channel bends induced by streamline 

curvature (Rozovskii 1957; Johannesson and Parker 1989; Blanckaert and Graf 2004; Blanckaert and 

de Vriend 2003, 2004). The combined effect of the main downstream flow component, the secondary 

flow and the bed topography causes to an increased erosive attack on the outer bank of channel bend. 

Rozovskii (1957) observed flow features in bend assuming logarithmic distribution for velocity 

profile and suggested a relation for the finding of a specific length for when the curvature induced 

secondary flow has the maximum strength. The cross-stream flow in alluvial bends transports 

sediment from the outer to the inner part of the cross section and significantly scours near the outer 

bank (Odgaard 1982). The bed topography in outer bank amplifies the redistribution of the velocity, 

which is often called topographic steering of the flow (Whiting and Dietrich 1993; Yalin and Ferreira 
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da Silva 2001). Detailed data on the three-dimensional patterns of flow and turbulence in presence of 

protection work is scarce in the literature. Sinha and Marelius (2000) undertaken numerical study to 

analyze the physics of the flow past a submerged vane and the flow features responsible for the 

transverse movement of sediment transport are clearly identified. Jamieson et al. (2013) found that the 

submerged barbs could successfully redirect the high velocity core away from the outer bank and 

prevent erosion of the floodplain at the exiting a channel bend. Recently, the flow structures and bed 

formation have been analyzed by Wang and Liu (2016) at typical cross-sections in flat-rigid and 

inclined beds with small width to-depth ratio through the observational data in a U-shape bend flume. 

The results show that the bed configuration strongly affects the variations of the super-elevation of 

water surface and the intensity of secondary flow. Farhadi et al. (2018) conducted experiments to 

simulate for natural streams at three low subcritical Froude numbers and observed a counter-rotation 

secondary flow cell near the outer bank, called outer-bank cell. Also they found that, for increasing 

Froude numbers, the main cell of secondary flow expanded and strengthened and a term-by-term 

analysis of the energy production and the vorticity equations was performed to substantiate this 

observation.  

The mechanisms underlying distributions of the velocity in open-channel bends and turbulence with 

respect to erosion are yet to be understood fully. This paper aims at improving our understanding of 

the flow and turbulence in bends with parabolic bed which is close to natural channel section. 

Laboratory tests are presented to describe the flow field at bend in presence of protection work. 

Acoustic Doppler velocimeter (ADV) was used to measure the three components of instantaneous 

velocities at multiple cross sections in a 180° channel bend for scoured bed condition with protection. 

It was feasible to map the changes in the different flow parameters with measurements at multiple 

cross sections through the bend in presence of protection works. Data obtained from present 

investigation can be used for validation of analytical works and also help in the design of protection 

works at bends. 

2. Experimental program

Experiment was conducted in a 180° horizontal laboratory bend. The dimension of the flume was 
20 m long, 0.8 m wide, 0.8 m deep and the outer radius of 2.28 m. The top view of experimental setup 
is shown in Fig. 1. The flume was connected to the water supply system in the laboratory. An 
adjustable tailgate was installed at the downstream end of the flume to manage the desired flow 
depth=28.8 cm. The discharges and water level were measured using a calibrated V-notch weir and by 
a vernier point gauge, with an accuracy of ±0.1mm, placed at the inlet tank. The water level was 
measured. The bed was covered by sand characterized by mean diameter d50 equal to 0.34 mm having 
non-uniformity co-efficient 2.28. Then a trapezoidal shaped cross-section was dug on the bed. The 
side slope of the trapezoidal section was made in such a way that the slope angle becomes almost 
equal to the angle of repose of the bed sediments. The trapezoid channel has a depth of 0.15 m, 
bottom width 0.10 m, top width 0.60 m, side slope 31° (approx) and both floodplain width 0.10 m. 
Parabolic shaped cross-section was achieved by allowing water to flow on a trapezoidal channel very 
slowly so that the side slopes and the bed attain a cross-section which is close to the natural channel 
bed. After draining out the water very slowly, the bed profile was measured with the help of a vernier 
point gauge along different azimuthal sections. Then, the combination of sub-merged vanes and riprap 
were placed at the outer bank with minimum disturbance of the bed topography. Sub-merged vanes 
were placed at the toe of outer bank along with riprap at the upper slopping bank (Fig. 2). The vanes 
were made of plexiglass sheet and the dimensions were determined by following the design 
specifications given by Odgaard and Wang (1991b). The main parameter on which the dimensions 
(height and length) of the vane depend is the average approach flow depth.  The riprap apron was 
made of quarried stone. The representative stone size was found from the basic equation given by 
USACE (1994) for the straight or curved channels. To make the riprap uniform and proper design 
size, samples are sieved through appropriate size of sieves. After that the stone samples were washed 
out to remove dust and dirt. The details of vane and riprap dimensions were given in the Biswas and 
Barbhuiya (2018). 
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Figure 1 Top views of the channel of 180° bend 

The flume was then slowly filled with the water at a low rate in order to avoid the undesirable 
scour, which otherwise would happen by the action of sheet flow with inadequate flow depth. To 
reach the dynamic equilibrium of scour depth, the pump was allowed to run around 10 hours (assessed 
in trial experiments) maintaining predetermined shear velocity ratio (u*/u*c=1.04). The bed was then 
stabilized and detailed velocity measurements were obtained following resumption of flow 
maintaining the same flow conditions. Three dimensional velocity measurements were taken on 
stabilized scoured bed in presence of combination of sub-merged vanes and riprap.  

The Acoustic Doppler Velocimeter (ADV) readings were taken along several vertical lines at 

different azimuthal sections in stabilized bed with protection. The ADV operated on a pulse-to-pulse 

coherent Doppler shift to provide instantaneous three-dimensional velocity components. In the present 

experiment, the velocity range setting was ±50 cm/s. Despiking of the original recorded data was done 

using WinADV version 2.0. All the measurements are done starting from inner to outer bank and in 

the presented data graphs; left side represents the inner bank. At each cross section, velocity 

measurements were made at 6 lateral positions along the stabilized scoured bed with protection (5 cm. 

20 cm, 35 cm, 50 cm, 65 cm and 75 cm from inner wall). The measurement at different vertical 

positions was in the order of 0.5 cm, 1 cm, 2 cm, 3 cm, 5 cm, 8 cm, 10 cm, 15 cm etc. from the bed 

upto maximum possible point. It is important to point out that the velocity readings were confined to 

the region 5 cm below the free surface due to the limitation of the ADV. Therefore, the flow field near 

the free surface is beyond the realm of this study.The time averaged velocity components (u, v, w) are 

presented in cylindrical polar coordinates (ө, r, z), where u, v, w represents three dimensional 

velocities along ө (streamwise), r (radial) and z (vertical)directions respectively. All linear dimensions 

and velocity components are normalized by the average approach flow depth (h) or width (b) of the 

channel and average approaching flow velocity, U respectively. The flow fields are shown in      plane 

at different azimuthal angles ө, where,        and       . 

704



Figure 2 Photograph of whole bend at initial stage with combination of vane and riprap 

3. Result and Discussion

3.1 Three dimensional velocity distributions 

The vertical distribution of normalized time averaged streamwise velocity components       at different 

azimuthal sections after placing the combination of vane and riprap at outer bank are shown in the Fig. 

3. In the upstream at the 0° section, it is observed that the magnitude of velocity above the inner slope

is little more than the outer slope. The magnitude is more near the bed close to the inner side. At the

40° section, the magnitude of velocity in the inner side of the channel is almost similar and is less than

the approach velocity. On the other hand, in the same section, the vertical distribution of velocity is not

smooth. It is zigzagged in nature which may be due to unevenness of the bed caused by the placing of

riprap. Further downstream at the 60°, 90° sections, the velocity distributions are similar to

corresponding 40° section. But, at the 130° section, the vertical distributions of velocity show that

there is a very little variation of magnitude along vertical throughout the section except near the bed of

the outer bank. For all the sections, it is found that the magnitude of velocity nearly same all

throughout the sections. Further downstream, at the 150° azimuthal section, it is found that the

magnitude of velocity at the outer bank is stable.

The vertical distribution of normalized time averaged radial velocity component (  ) at different 

azimuthal sections are shown in the Fig. 4. In the upstream at the 0° azimuthal section, cross-flow is 

mainly observed in the lower part of the central zone only. At the 40° and 60° sections, the radial 

component is confined to the region close to the bed from outer to inner bank. At the 90° section, the 

radial component is from outer to inner bank close to the bed and inner to outer at the mid-depth of 

flow. However, a change of sign of radial component above the inner sloping bed indicate a generation 

of localised vortex. From the figure, it is also observed that the vortex that is initiated at the 90° 

azimuthal section developed as it moves downstream and covered almost the full section at the 130° 

azimuthal section. Further, downstream at the 150° section, the flow is from the outer to the innerbank. 
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Fig. 5 shows the vertical distribution of the normalized time averaged vertical velocity components 

(    atdifferent azimuthal section. In general the magnitude of vertical component is negligible in the 

upper part of flow compared to approach flow velocity. For the 60°, 90° and the 130° section, the 

vertical component is always upward close to the bed along inner side and downward along outer side. 

Figure 3 Vertical distributions of normalized    at azimuthal sections (scoured bed with a combination 

of vanes and riprap):  θ= 0°, θ = 40°, θ =60°, θ = 90°, θ = 130° and θ = 150°, and the outer bank is to 

the right 
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Figure 4 Vertical distributions of normalized   at azimuthal sections (scoured bed with a combination 

of vanes and riprap):  θ= 0°, θ = 40°, θ =60°, θ = 90°, θ = 130° and θ = 150°, and the outer bank is to 

the right 
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Figure 5 Vertical distributions of normalized   at azimuthal sections (scoured bed with a combination 

of vanes and riprap):  θ= 0°, θ = 40°, θ =60°, θ = 90°, θ = 130° and θ = 150°, and the outer bank is to 

the right 

3.2 Distribution of resultant velocity and velocity vectors at different horizontal  sections 

The normalized time-averaged velocity vectors at three different horizontal planes at a distance of 

0.25h, 0.4h and 0.6h from the water surface are exhibited in Fig. 6. It is clear that, for all the layer 

considered, the magnitude of flow has decreased near the outer bank of the 0°-60° azimuthal sections 

due to the presence of combination of vanes and riprap. But the maximum magnitude of velocity is 

found to occur in the exit of the bend for all the layers. In the upper (0.25h) and middlelayer (0.4h),the 

velocity pattern is almost same with increased magnitude of velocity near the outer bank between the 

90° to the 110° azimuthal sections. In the lower layer (0.6h), the overall magnitude of the flow is 

eventually reduced throughout the bend except the exit part. 
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Figure 6 Normalized resultant velocity contours and flow vectors at different horizontal planes for 

scoured bed with combination of vanes and riprap at (a) z=0.25h (b) z=0.4h (c) z=0.6h 

4. Conclusions

Experimental results of the three dimensional flow velocity in presence of a combination of submerged 

vane and riprap clearly shows that the placing of riprap does not cause any major change in the flow or 

vortex formation, the submerged vanes placed along the toe is mainly responsible for modification of 

flow pattern in presence of combination of vanes and riprap. The vane not only intercepts the cross-

flow but also reduces the magnitude of the streamwise velocity component around it. Overall 

magnitude of streamwise component is reduced in the bend with its more influence at the outer bank 

and the scour is reduced by about 85%. Moreover, the resultant velocity also reduced at the outerbank 

throughout the bend and protection work was successful enough. 
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Abstract 

The average yearly rainfall of Tamilnadu varies considerably with space and time. The state is mostly dominated 

by north east monsoon and few portions of the district experiences rainfall during south west monsoon. The state 

has only seasonal flow rivers. Palar is one such river. It rises in Karnataka state after traversing briefly through 

Andhra Pradesh, the river enters Tamil Nadu at Vellore district and drains into Bay of Bengal. It flows about 350 

km and confluence into the Bay of Bengal at Vayalur (12029’9”N 8007’55”E) near Chennai adjacent to Kalpakkam 

atomic power plant. The river basin area is 17871 km2. The river and adjacent areas have high ground water 

potential and is supplying drinking water to districts of Vellore, Kanchipuram and Chennai apart from supply to 

some selected industries like nuclear plant. In addition there is irrigation also taking place. The lower reach 

adjacent to confluence point south of Chennai is experiencing annual rainfall of about 1200mm while it varies to 

nearly 650mm in the upper reaches. The basin has about 25 rainfall days in a year. Hence it has become an 

inevitable task for the water resources engineers to evolve suitable conservation measures. Based on detailed 

studies, a weir of height of 1.5m with a dyke like penetration in to the subsurface sandy strata so as to minimize 

seepage was evolved. Suitable location were identified in the lower reach of river and the structure was installed. 

The details design and its post benefits are discussed. 

Keywords: Rainfall, dyke, strata, 

1. Introduction

Palar river in south India which flows only seasonally rises in Nandi hills of Karnataka state flows 

through Andhra Pradesh and finally enters Tamilnadu and confluences with Bay of Bengal. The river 

travels 93km in Karnataka, 33m in Andhra and 222 km in Tamilnadu and enters bay of Bengal at 

Vayalur located 100 km south of Chennai. The total area of basin is 10146 km2 and 70 % of the area is 

in Tamilnadu (Fig 1). In Tamilnadu the river enters Vellore district, flows through Kanchipuram district 

and meets Bay of Bengal at Voyalur in Chengalpet district. The important cities located  are Ambur, 

Vellore ,Walajabad, Kanchipuram and Chengalpet. The average bed slope of the river is  1 in 500. The 

rainfall in Tamil Nadu is seasonal and is in contrast with the rainfall pattern of the whole country. The 

annual average rainfall in the state is 960 mm. The state receives majority of its rainfall in two monsoons 

namely south-west monsoon and north-east monsoon with the latter bringing more rainfall. South-west 

monsoon is from   June and September and north-east monsoon is during October to  December (Pratap 

kumar et al 2019). 

Figure 1 Index map 
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2.Climate of Palar basin

The entire basin can be divided in to three namely upper reach above Vellore, middle reach from Vellore 

to Kanchipuram  and lower reach from Kanchipuram covering Chengalpet up to confluence point 

nearVayalur adjacent to Kalpakkam nuclear plant. The upper reach has influence of both south west 

and north east. The middle and lower reaches receives most of rainfall in north east monsoon. There are 

1311 tanks located in the basin to conserve the precious rainfall which will occur in about 25 days in a 

year and most of the tanks are in upper portion. The river flows through Vellore, Villupuram, 

Tiruvannamalai, Thiruvallur, Kanchipuram districts with nine sub basins  consisting of alluvial 

strata(Fig 2 to 4). It also serves as drinking water resource because of high ground water potential. 

Figure 1 Palar river details 

Palar sub basin detailsFigure 3
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Figure 4 Palar river Geology 

3. Analyses of rainfall.

The river has its course along Vellore, Villupuram, Tiruvannamalai, Thiruvallur, Kanchipuram districts 

. and is a seasonal river. The average yearly rainfall of the districts are 795mm, 1029mm,815mm, 

1100mm and 1200mm respectively.Analyses of rainfall indicates that the districts located in the lower 

plains of Palar river receives more rainfall compared to upper one. Some portion of southern Chennai 

also falls in this lower stretch. In order to study the rainfall pattern three stations were selected and 

rainfall analyses was carriedout. The stations selected are Ambur , Kanchipuram and Panangattucherry 

near Kalpakkam located along upper, middle and lower reaches of river. Because of the climate change 

effect  a declne in rainfall is seen from lower to upper reaches. The most of irrigation and drinking water 

projects are maintained with groundwater source as river has high groundwater potential. The plot of 

rainfall and year  was presented for three statons  as shown vide fig 5 to 7 . It was grouped as  non 

monsoon (NM) from January to May, south west monsoon (SW) from June to September, north east 

(NE) monsoon from October to December and year annual .The analyses of rainfall very clearly 

indicates that the lower reache get more than 40% rainfall compared to upper reach. As there are very 

few retaining structures to conserve ,most of the water flows to the river and enter bay of Bengal as 

runoff. Hence it was felt that some conservation measures should be planned to store the runoff water. 

Because of over extraction of groundwater, sea water intrusion trend was observed in lower reach. 

The average rainy days of Tamilnadu is 25 in a year. The rainfall analyses indicate that the basin 

receives almost average rainfall from 1991 to 2012 (Fig 5 to 7). But the values are more higher in the 

lower reach. This is due to the variations because of climate change. The water received as runoff will 

go to sea through river and because of more urbanisation in the lower reach it is necessarry to conserve 

more water to cater the needs. In the tail end areas it can be done by constructing  seies of check dams 

/weirs with small height so that the runoff  to the sea  will be minimised .The present project is the first 

one such project in the basin. 
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Figure 5 Rainfall in upper reach 

Figure 6 Rainfall in middle reach 

Figure 7 Rainfall in lower reach 
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4.Proposed strategy

Palar River is one of the main sources of drinking water to the the districts of Vellore, Kanchipuram & 

Chennai. The impact of climate change in recent years affects this river which leads to the water crisis 

in this region. The rainfall along the basin varies considerably with space and time. The lower reaches 

near the coast get more rainfall resulting in more runoff to the sea. This results in over extraction of 

groundwater and sea water intrusions. To overcome the water scarcity problem and arrest the seawater 

intrusion a Check dam across Palar River (at Vayalur, tail end of the river) was proposed based on soil 

profile. The project was at site at Vayalur (12029’9”N 800 7’55”E) about 30 km south of Chennai 

adjacent to Kalpakkam atomic power plant.The main function of the check dam is to obstruct the flow 

of water and create a ponding to conserve the rainwater that allows infiltration to the Aquifer beneath 

to improve the ground water levels. A typical cross section of conventional check dam is shown in the 

figure below(Fig 8). 

Figure 8 Initial proposal 

The proposed conventional  weir type check dam estimate workout to be uneconomical in the present 

situation.. . Hence the task of design of an optimum structure with faster construction technology  was 

entrusted to  Department of Ocean Engineering, IIT Madras. The following points are objectives   while 

planning of the innovative concept for Check dam over conventional concept: 

 To arrest the seawater intrusion into the fresh water aquifer

 To create a subsurface reservoir in the upstream of the check dam

 To prevent piping and quick sand condition

 To allow the surplus water flow with minimum velocity i.e., Non-Scouring Velocity.

 To prevent scour and notch of the soil particles at the river bed

Considering the above points and discussion with field engineers , a deep dyke like structure with 1.2km 

length across the river having gentle concrete slope was planned with stone apron on the upstream and 

downstream. The cross section of the proposed structure is shown in the figure 9 below. The maximum 

discharge was estimated based on the cross section adopting numerical model HECRAS (2008).The 

one dimensional  flow model done using HEC-RAS (2008)  reveals that the river banks are in good 

shapeand the river could withstand a discharge of upto 3000 cumecs which is the design discharge.(Fig 

9). The dyke portion will go up to clay layer preventing seepage through sand layer. 
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Figure 9 Final proposal of Dyke cum weir 

The advantages are 

• The deep dyke using diaphragm wall is faster to construct and arrest sea water intrusion.

• The concrete slope allows the surplus water flow with minimum velocity at the downstream

• Two launching apron with the packed stones of size of 300mm weighing 40kg on both the

upstream and the downstream prevents eddy formation so that scouring of the soil particles is

minimized.

• The free standing length of 1.50m structure will help in ponding the rainwater till its top level.

The innovative design of check dam costs less  compared to conventional check dam. The construction 

of this innovative check dam was commenced  in March 2019. After regular monitoring  by team 

involving IITM and state water resources department,, the structure was completed in September 2019 

before the onset of monsoon in a record period of about 6 months  .The water stored after construction 

is shown (Fig 10 & 11) 

Figure 10 Construction of the dyker 
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Figure 11 Water conserved with happy tourist 

5. Post project impacts

The project is aimed at conserving surface and ground water resources. The rainfall pattern in the 

upstream is low and more rainfall is concentrated along the lower reach and coast. After the exceesive 

rainfall in the year 2015, there is no sufficient rainfall in the successive years till 2019. The rainfall 

pattern is more concentrated   along the coastal area. The project was completed on September 2019 

and the depth of water table is shown below for the period before September 2019 and post project from 

October 2019.(Fig 12) 

Figure 12 Water table for pre and post project 

The total catchment intercepted by the project is 1.94km2 (194 Hec).During the onset of north east 

monsoon the weir started receiving water in November 2019  and surplussed by the end of the month. 

The full level was maintained till February 2020..Some salient impacts are as below 

 The sorrounding 12 villages sucessfully did agriculture for two seasons with no shortage in

water supply and about 30% rise in water table

 In general the quality of groundwater improved for about 6km radius distance
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 The total water requirement  IGCAR nuclear power plant in Kalpakkam located adjacent to the

project area is  3 mgd per day . During the post project period it was very difficult to meet this

target. With the implementation the quantity was easily achieved.

 The site has become a source of tourist attraction and picnic potential. As the bed is alluvial

sand the recharging was sucessful and during the summer of 2020, the dam never got dried

6. Results and discussions

At present the effect of climate change is felt that  more rainfall along coastal reaches resulting in high 

runoff the rainwater. It is of atmost important task to conserve the maximum rainfall when the number 

of rainy days are low. The state is a highly water stressed state. The present project of dyke cum weir 

is now one of the classic example of water conservation measures. 

7. Conclusions

At present the effect of climate change is felt in the form of more rainfall along coastal reaches resulting 

in high runoff the rainwater. It is of atmost important task to conserve the maximum rainfall when the 

number of rainy days are low. The present  site is now one of the classic example of water conservation 

measures 
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Abstract 

Circular piers are most commonly used for bridges around the world. Depending on the width of the bridge, single 

or multiple piers are provided. When the number of piers is more than one, the scour pattern around the pier is 

affected by the mutual interference and the formation of the horseshoe vortex system around each pier. The mutual 

flow interference, due to the presence of multiple piers, and its effect on scour pattern depends on the spacing 

between the piers. Experimental studies were carried out in order to study the variation of scour patterns due to 

the effect of in-line spacing between two bridge piers embedded in a sand bed. Experiments were conducted in a 

recirculating flume, 0.3m wide, 0.6 m deep and 8.5 m long. The sand used as bed material was of size (d50), 0.8 

mm. The diameter of the piers used was 0.03 m. First, experiments were done using a single circular pier, as a

reference. Thereafter, experiments were carried out for twin circular piers, placed in-line in the flow direction.

The spacing considered were once, twice and thrice the diameter of the pier. Experiments were carried out for five

discharges ranging from 0.006 to 0.018 m3/s. The flow velocities were measured at different locations along the

upstream and downstream side of the piers using acoustic Doppler velocimeter (ADV), which measures velocity

components in streamwise, transverse and vertical directions. The duration of each experiment was eight hours to

maintain consistency among the different cases. The velocities were measured after the stabilization of the scour

hole. After 8 hours, the water was allowed to drain out and scour depths were recorded using a point gauge. The

results obtained shows that the maximum scour depth occurred at the upstream end of the pier. The value of the

maximum scour depth was more or less the same for all cases with a maximum variation of 6%. However, there

was significant variation in the scour pattern among all these cases. These variations in scour pattern in the

longitudinal direction, variations in the flow parameters are discussed.

Keywords: Circular Pier, Horseshoe vortex, twin in-line piers, turbulence parameters, scour. 

1. Introduction

When a bridge pier partially obstructs an alluvial stream, the flow pattern in the channel around the pier 

is significantly changed. The pier produces an adverse pressure gradient just upstream from the pier. 

The boundary layer upstream of the pier undergoes a three-dimensional separation. The shear stress 

distribution around the pier is drastically changed due to the formation of a horseshoe vortex, resulting 

in the formation of a scour hole around the pier, which, in turn, changes the flow pattern and shear 

(Kothyari et al., 1992). Different flow structures are generated due to the interaction of approach flow 

with bridge piers/obstacles including downflow, horseshoe vortex, wake vortices and bow waves, which 

result in a complex flow field around obstacles. The different components of flow over the sand bed 

play an essential role in the local scour around the bridge pier. Local scour at bridge piers is a potential 

safety hazard to the travelling public and is a significant concern for transportation agencies. Bridge 

pier scour is a dynamic process that varies with water depth, flow angle, pier geometry and other factors. 

Circular piers are the most commonly used pier shape for bridges around the world. If the width of the 

road/railway above is more, elongated piers or multiple piers would be needed to support the 

superstructure. Depending on the width of the bridge, single or multiple circular piers are provided. 

When the number of piers is more than one, the scour pattern around the pier is affected by the mutual 

interference, in addition to the formation of the horseshoe vortex system around each pier. The mutual 

flow interference due to the presence of multiple piers and its effect on scour pattern depends on the 

spacing between the piers. Hence the flow and scour features around such elongated and multiple piers 

should be understood for the design of a supporting structure. 

Several studies have been carried out around the world to understand the flow behaviour and scour 

around a group of piers. (Das and Mazumder 2015; Vijayasree and Eldho, 2016; Wang et al. 2016; 
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Jaman et al. 2017; Kezhavarzi et al. 2018; Vijayasree et al. 2020). The objective of this study is to 

understand the development of flow pattern around twin in-line piers of different spacing in comparison 

with that of a single circular pier and the development of scour pattern around the piers. Experimental 

study of flow around twin in-line piers with three different spacing are discussed in the following 

sections. 

2. Experimental program

Experiments were carried out in a rectangular flume, 8.50 m long, 0.30 m wide and 0.60 m deep located 

at the Hydraulics Laboratory, Indian Institute of Technology, Bombay. The walls and bottom of the 

flume were made of Plexiglas. The rectangular flume was made into three sections: inlet section, outlet 

section and test section in the middle. There is a mild steel tank at the upstream end of the flume. Water 

was recirculated into the flume from the sump using a pump. The tank was connected to the inlet section 

of the flume using a bell mouth arrangement. A flow straightener was provided at the end of the bell 

mouth. A tailgate was provided at the end of the outlet section. The water flowing through the flume is 

collected in the tank placed at the end of the outlet section. The tank is connected to the pump through 

a PVC pipe, thus enabling re-circulation. The water was recirculated continuously through the flume. 

The test section of the flume was 4.75 m long. The test section was filled with the bed material for scour 

experiments. The depth of the sand bed was 0.2 m. The schematic diagram of the flume is given in 

Figure 1. 

Figure 1 Schematic diagram of the flume 

For experimental purpose, a measuring section at the flume was chosen at 3 m downstream from the 

entrance. The flow discharge was chosen in such a way that the dimensionless bottom shear stress was 

below the threshold value for the initiation of sediment movement at the undisturbed plane sand bed of 

alluvial quartz sand of grain size d50 = 0.80 mm, i.e. when there was no sand transport at the bed. Water 

from the tank entered into the flume so slowly that there would not be any disturbance to the sand bed. 

The outlet section was at the end of the test section, where the dislodged sand particles, if any, were 

deposited. The discharge was measured using an ultrasonic flow meter. Velocity measurements were 

done using an acoustic Doppler velocimeter (ADV) named as ‘Vectrino’. Flow depth and scour profile 

were measured using point gauge. In this paper, four cases are studied; they are: a) Single circular pier; 

b) twin in-line piers with spacing 1d which is 0.03m; c) twin in-line piers with spacing 2d equal to

0.06m, d) twin in-line piers with spacing 3d equal to 0.09m, as shown in Figure 2. For each case,

experiments were carried out for five different discharges: 0.006, 0.009, 0.012, 0.015 and 0.018 m3/s.

The flow was slowly introduced into the flume so as not to disturb the sand particles until the desired

discharge is obtained. The flow parameters are summarized in Table 1.

Inlet 

Section

Test Section

Inlet 

tank Outlet 

Section

Outlet 

tank 

Sand Bed

Pier 

ModelInstrument Trolley

1.65m

1.70m 2.1m

0.2m

0.6m

3m

Flow direction

Pump

4.75m

Flow Straightener
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Figure 2: Cases of twin in-line piers 

Table 1 Flow parameters 

Flow Parameters I II III IV V 

Discharge (m3/s) 0.006 0.009 0.012 0.015 0.018 

Flow Depth (m) 0.11 0.1265 0.142 0.151 0.165 

Average Velocity (m/s) 0.179 0.233 0.277 0.326 0.353 

Froude number 0.172 0.21 0.235 0.26 0.278 

Reynolds Number 19685 29527 39370 49212 58398 

The maximum scour depth did not change with respect to time after almost 2 hrs. Velocity readings 

were recorded after reaching this stage. Each experiment was carried out for a duration of 8 hours during 

which the scour hole reached a near-equilibrium condition. After this, the flow was stopped, and water 

was allowed to drain out of the flume. Once the water got drained entirely, scour measurements were 

recorded with the help of a point gauge. The results obtained from the highest discharge experiment for 

each case are discussed in this paper. 

The coordinate system of the grid along which velocity measurements were taken is shown in Figure 3. 

The black dots indicate the points at which velocity was measured. The single circular pier and the u/s 

pier of the twin in-line piers were placed at (-7.5, 0). The d/s pier was placed according to the desired 

spacing. Velocity was measured using the ADV. Velocity data at each point was collected for 2 minutes 

at a frequency of 50 Hz, thereby giving a time series containing 6000 data points The velocity data were 

collected at several vertical positions starting from the lowest level 0.3 cm above the bed surface. 

Figure 3. Grid showing points of velocity measurements. (not to scale) 

The ADV signals are affected by Doppler noise or white noise associated with the measurement process. 

The presence of this noise causes an aliasing effect which results in spikes in ADV signals. These spikes 

were removed by a phase space threshold de-spiking technique described by Goring and Nikora (2002). 

The de-spiked data was analyzed to understand the development of flow pattern and turbulence 

parameters around the cases studied. 

(a)

(b)

(c)

(d)

d =  0.03m

1d

2d

3d
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3. Results and discussions

The various turbulence parameters obtained from the velocity measurements from ADV are discussed 

in the following subsections. In turbulent flow, the instantaneous streamwise, transverse and vertical 

velocity components in the x, y, z directions, are denoted by u, v, w. and 𝑢′, 𝑣′, 𝑤′ being the

corresponding velocity fluctuations. The following three relations using Reynolds decomposition 

(Schlichting, 1960) can be written as follows: 

𝑢𝑚 =  𝑢 + 𝑢′  (1) 

𝑣𝑚 =  𝑣 +  𝑣′    (2) 

𝑤𝑚 =  𝑤 + 𝑤′      (3) 

Here x-axis is in the direction of flow, y-axis transverse to the flow and z-axis normal to the flow; origin 

(0, 0, 0) is as shown in Figure 3. 

3.1 Mean velocity components 

The mean components of velocities along streamwise, transverse and vertical directions (u, v, w are 

respectively defined as (Schlichting and Gersten, 2000): 

𝑢 =  
1

𝑁
 ∑ 𝑢𝑚

𝑁
𝑖=1   (4) 

𝑣 =  
1

𝑁
 ∑ 𝑣𝑚

𝑁
𝑖=1   (5) 

𝑤 =  
1

𝑁
 ∑ 𝑤𝑚

𝑁
𝑖=1   (6) 

Here 𝑢𝑚, 𝑣𝑚 and 𝑤𝑚 are the time-averaged velocity components.

Pier obstructs the flow and causes the formation of horseshoe vortex system, creating a complex flow 

field around it. The flow bifurcates at the point where it meets the pier at the upstream, and wake vortices 

are formed at the downstream of the pier. 

3.1.1 Streamwise velocity components (u) 

Figure 4 shows the variation of streamwise velocity components for the four cases studied. It can be 

observed from Figure 4 that the streamwise velocity reduces in magnitude as the flow approaches the 

pier. At the u/s end of the pier, for all the cases, near the bed, there is a flow reversal which is indicated 

by the negative value of the velocity. For single circular pier, at the downstream of the pier, the velocity 

is very close to zero and as the distance from the pier increases towards the downstream side, the 

velocity increases in magnitude attaining the same profile as observed at the far upstream side (Figure 

4a). For case (b), at the downstream of the first pier, ADV reading was not possible, as the spacing was 

not enough to place the instrument. So, the ADV was placed at the nearest possible location at the left 

side between the two piers and the left side of the front of the second pier. The velocity magnitude was 

considerable at those locations. At the d/s side of the second pier, the velocity is very close to zero, and 

as the distance from the pier increases towards the downstream side, the velocity increases in magnitude 

attaining the same profile as observed at the far upstream side (Figure 4b). The streamwise velocity 

components for case c, show the same trend as those obtained for the twin in-line piers (case (b)) as 

seen in Figure 4c. The streamwise velocity component reduces in magnitude near the pier. In between 

the two piers velocity profile has higher values near the bed, and it reduces towards the surface. At the 

u/s side of pier 2, the values are lower near the bed and more or less the same towards the water surface. 

At the d/s side of pier 2, the magnitude of streamwise velocity is much less and further downstream it 
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falls back to the original velocity profile far upstream. This reduction in velocity causes deposition of 

the sand particles carried from the u/s side due to the local scour formation. For case (d), in the region 

between the piers, the magnitudes are close to zero with positive values near the bed and negative values 

as it approaches the water surface, indicating a flow reversal and circulation in between the piers. At 

the downstream side of pier 2, the velocity is close to zero and then gradually attains the values similar 

to the upstream value (Figure 4d). 

Figure 4. Profiles of streamwise velocity components: (a) single circular pier; (b) twin in-line piers 

with spacing 1d; (c) twin in-line piers with spacing 2d; (d) twin in-line piers with spacing 3d  

3.1.2 Transverse velocity components (v) 

The variation of transverse velocity components for the four cases studied is shown in Figure 5. At the 

far upstream of the pier, the transverse velocity profile falls on the zero lines. At the vicinity of the pier, 

the flow bifurcates to the sides of the pier, showing an increase in the value of the magnitude of the 

transverse velocity and then reduces to zero as the distance from the pier increases towards the 

downstream side. The positive sign indicates that the flow is bifurcating to the left and a negative sign 

indicates bifurcation towards the right. For case (b), the transverse velocity is zero at the far u/s side, 

and the magnitude increases near the pier (Figure 5b). Here, the ADV is placed at the left side of the 

pier. At the u/s of the pier, the flow bifurcates towards the left, but in between the piers and at the 

vicinity of the second pier the flow bifurcates to the right, showing circulatory motion. At the 

downstream of the pier, the flow is bifurcating to the left and gradually falls back to zero lines. For case 

(c), the magnitude of transverse velocity increases from zero at far upstream to increased magnitude 

near the pier, indicating bifurcation of flow at the pier to the sides of the pier (Figure 5c). But in the 

region between the piers, the direction of v changes from negative to positive indicating circulatory flow 

in that region. At the d/s of the pier, there is an oscillatory pattern of the profile showing vortex shedding 

723



in clockwise and anticlockwise directions alternatively. As the distance from the pier increases, the 

direction of velocity changes alternatively, with gradual reduction of magnitude to zero. For case (d), 

the transverse velocity shows bifurcation near the upstream side of the pier and circulation in the region 

between the piers and alternative clockwise and anticlockwise vortices at the downstream side of the 

pier (Figure 5d). 

Figure 5. Profiles of transverse velocity components: (a) single circular pier; (b) twin in-line piers 

with spacing 1d; (c) twin in-line piers with spacing 2d; (d) twin in-line piers with spacing 3d  

3.1.3 Vertical velocity components (w) 

The profile of the vertical velocity component is shown in Figure 6. The vertical component of velocity 

is zero at the upstream of the pier, and as it approaches the pier, the magnitude of velocity components 

increases with a negative sign indicating downflow near the pier. At the downstream side, the vertical 

component of velocity is positive, indicating up flow, and it gradually reduces to zero further 

downstream. For case (b), in the space between the piers, vertical velocities are negative, indicating 

downflow in that region, even though it is the d/s side of the pier 1. However, at the d/s side of pier 2, 

the vertical velocity components are positive, indicating upflow (Figure 6b). For case (c), due to the 

increase in spacing between the piers, the flow has more space to move around. At this region, the 

vertical velocity components have negative values near the bed, indicating downflow, but towards the 

free surface, w becomes positive, indicating flow circulation in the region (Figure 6c). In the region 

between the piers and the downstream side of pier 2, the vertical velocity components are positive, 

indicating up flow for case (d). This indicates that the spacing between the piers is enough to prevent 

the interference of pier 2 on pier 1. The velocity profile near the u/s pier is almost similar to that of a 

single circular pier.  

724



All these profiles indicate that there is a considerable circulation and complexity of flow in the vicinity 

of the twin in-line piers. Downflow causes the removal of sand materials leading to the formation of a 

scour hole. The sand bed materials get transported towards the d/s side and get deposited at far 

downstream side due to the upflow. 

Figure 6. Profiles of vertical velocity components: (a) single circular pier; (b) twin in-line piers with 

spacing 1d; (c) twin in-line piers with spacing 2d; (d) twin in-line piers with spacing 3d  

3.2 Reynolds shear stress along xz direction (−𝒖′𝒘′)

The time-averaged Reynolds shear stress components are defined as follows 

−𝑢′𝑤′ =  −
1

𝑁
 ∑ (𝑢𝑚 − 𝑢)𝑁

𝑖=1 (𝑤𝑚 −  𝑤) (7) 

Figure 7 shows the profiles of Reynolds shear stress for the four cases. The values of the Reynolds shear 

stress increases near the pier. It is observed that it has very low values at the u/s of the piers, but at d/s 

of the pier, it increases to a maximum value very near the pier and then reduces with distance further 

d/s of the pier. The profiles indicate that there is a high level of turbulence in the region in between the 

piers and at the downstream of the second pier. The Reynolds shear stress has a higher magnitude near 

the pier 1, and in between pier 1 and 2 and immediately downstream of pier 2. leading to local scour. 

The Reynolds shear stresses have the highest magnitude in the region in between the piers, towards the 

second pier, which leads to bed instability and local scour in the vicinity of the pier. 
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Figure 7. Profiles of Reynolds shear stress along xz direction: (a) single circular pier; (b) 

twin in-line piers with spacing 1d; (c) twin in-line piers with spacing 2d; (d) twin in-line piers 

with spacing 3d 

3.3 Turbulence Kinetic energy (𝑻𝑲𝑬)

Turbulent kinetic energy (𝑇𝐾𝐸) is obtained from the mean values of turbulent eddies, which serves as a

crucial parameter to quantify turbulence. The turbulence kinetic energy is defined as follows: 

𝑇𝐾𝐸 =  0.5 (𝑢′2̅̅ ̅̅ +  𝑣′2̅̅ ̅̅ + 𝑤′2̅̅ ̅̅ ̅) (8) 

The variation of turbulence kinetic energy for the four cases are shown in Figure 8. TKE increases 

drastically at the vicinity of the pier and has high values at the immediate downstream side of the pier, 

indicating large scale turbulence at the vicinity of the pier. Turbulence kinetic energies have very high 

values in between the piers and d/s side of the second pier. These turbulent fluctuations cause a 

disturbance in the sand bed leading to the dislodgement of sand particles which eventually results in the 

formation of the scour hole. 
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Figure 8. Profiles of turbulence kinetic energy: (a) single circular pier; (b) twin in-line piers with 

spacing 1d; (c) twin in-line piers with spacing 2d; (d) twin in-line piers with spacing 3d. 

3.4 Scour Pattern 

As discussed in the previous section, it is evident that there is a high level of turbulence near the vicinity 

of the piers leading to local scour. The increased turbulence is the reason for local scour around the pier, 

which results in the formation of the scour hole. The eroded particles first get deposited at the 

downstream side of the pier and get eroded away with time, causing the formation of a scour hole. 

Figure 9 shows the scour profile along the longitudinal direction for the four cases studied. The scour 

hole has a semi-circular shape in the plan at the u/s side of the pier. The deepest part of the scour is at 

the u/s of the pier. The scour hole tapers as it extends to the d/s side. For case (b), it can be observed 

that the scour at the u/s pier is more in-depth compared to that of the d/s pier. The reason for this is 

because the horseshoe vortex system is not fully developed for the d/s pier. The scour at the d/s pier is 

mainly due to the wake vortices formed at the u/s end. Maximum scour was obtained at the u/s nose of 

the pier. For case (c), The maximum scour depth in front of pier two is slightly less than that of pier1. 

Also, the bed materials removed from the scoured region of pier one gets deposited in front of pier2 and 

then again gets carried further downstream creating another region of local scour near pier 2. For case 

(d), Maximum scour was obtained at the u/s nose of the pier. In this case, the spacing was such that both 

the piers were acting as individual piers rather than group piers. The scour at the downstream pier was 

almost the same as that at the u/s pier, as the sand particles dislodged from the pier 1 gets deposited on 

the u/s side of pier 2. This again gets removed due to the horseshoe vortex formation at pier two and 

transported to the d/s side. It is found that there was an effect of mutual interference on scour when the 

spacing was less, and as the spacing increased, the interference decreased. 
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Figure 9. Scour pattern along longitudinal direction along the centerline of the flume. (a) single 

circular pier; (b) twin in-line piers with spacing 1d; (c) twin in-line piers with spacing 2d; (d) twin in-

line piers with spacing 3d 

3. Conclusions

The following conclusions are drawn from the present study: 

 The flow field becomes complex around a group of piers due to the interference of horseshoe

vortex formations of individual piers. There is a high level of turbulence, in the region between

the two piers in the twin in-line pier cases causing flow circulation in this region.

 At the u/s side of the pier, downflow causes removal of bed material, and at the d/s side, upflow

causes the bed material to be carried along the direction of flow.

 In the twin in-line circular pier arrangement, the scour at the downstream pier is due to a

combined effect of wake vortices and horseshoe vortices generated at the respective regions of

the piers. The effect of spacing of piers for twin in-line piers is substantial due to significant

vortex formation and interference.

 In comparison to the single pier, for twin in-line piers, there is a significant impact in terms of

flow characteristics and scour formation. The scour increases as the spacing increases. In the

twin in-line piers with a spacing of 3d, each pier almost behaves as a single pier. The spacing

between the piers has a significant role in the mutual interference of flow pattern around the

piers and formation of the scour hole. It is found that there was an effect of mutual interference

on scour when the spacing was less, and as the spacing increased, the interference decreased.
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Abstract 

Earth dams are important hydraulic structures creating artificial reservoirs. Safety of earth dam mainly depends 

up on its seepage aspects. Currently, it is possible to analyse seepage behaviour of earth dam effectively using 

numerical model which is very useful for formulating suitable controlling measures. To identify the reasons 

behind the seepage problems of earth dams, numerical modelling is conducted using ANSYS Fluent and 

GeoStudio. The GeoStudio software consists of a special tool SEEP/W, which is specifically designed for 

seepage analysis of earthen dams, gravity dams or similar structures where seepage is expected. In the case of 

ANSYS Fluent, a Computational Fluid Dynamics (CFD) based software, there is no such specific tool for 

seepage analysis but its wide applicability in various flow conditions can be utilized effectively for seepage 

analysis also. Multiphase-volume of fluid viscous-laminar-porous model of ANSYS Fluent is utilized for the 

seepage analysis. Both the ANSYS Fluent and the GeoStudio models are validated and compared with the 

results from the literature. After validation and comparison, it is concluded that both these software can be 

effectively utilized for numerical modelling of earth dams having seepage problems. 

Keywords: Seepage, Earth dam, ANSYS Fluent, GeoStudio, SEEP/W, CFD 

1. Introduction

Dams are the hydraulic structures which are constructed for various purposes such as water supply, 

irrigation, flood control and hydroelectric power generation. There are different categories of dams 

namely earth dams, rock-fill dams, solid masonry gravity dams, hollow masonry gravity dams, timber 

dams, steel dams, arch dams etc. Earth or embankment dams are the most ancient type of dams, but 

still they are common and suitable for serving the purpose for which it is designed. Embankment 

dams represent about 85% of all dams built. Earth dams are mainly built with clay, sand and gravel 

hence they are also known as Earth fill dam or Rock fill dam. The earth dams are generally classified 

into homogeneous type, zoned embankment type and diaphragm type. 

1.1 Seepage 

In general, failure of earthen dam may occur due to hydraulic failure, seepage failure and structural 

failure. Hydraulic failure may be due to overtopping, wave erosion, top erosion and gullying. Seepage 

failure may be in the form of piping through foundation or dam body or sloughing of downstream toe. 

Structural failures are generally caused by shear failure and this include foundation failures and 

embankment slides. 

Seepage is always likely to happen in earthen dams as they are made of porous materials. However, it 

should be at all times under control and its amount and pore water pressure should be kept below 

acceptable limit. Seepage failure is the main reason for more than 35% of total dam failure and hence 

the safety of earth dam against seepage is one of the most important factors to be considered as a part 

of the dam security. Seepage analyses are conducted mainly for locating phreatic line, pore pressure 

estimation, evaluation of effectiveness of seepage controlling measures etc. 
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1.2 Need of the study 

Failure of the dam or any accident to the dam can cause serious threat to property and lives of people 

dwelling downstream and also to other livestock. In the case of an earthen dam, seepage is an 

important factor that determines the safety of the dam. The dam should be safe and strong enough to 

counter any seepage problem. Even a small seepage may be some times a sign of failure of a dam so it 

is most significant to properly monitor and control the seepage. At present due to the development of 

advanced computer technologies, it is possible to conduct seepage analysis very effectively 

(Abhilasha and Balan 2014). The GeoStudio software involves a special tool SEEP/W, specifically 

designed for seepage analysis of earthen dams, gravity dams etc. In the case of ANSYS Fluent, a 

Computational Fluid Dynamics (CFD) based software, there is no such specific tool for seepage 

analysis but its wide applicability for modelling of various flow conditions has to be utilized 

effectively for seepage analysis.  

1.3 Computational Fluid Dynamics 

Computational Fluid Dynamics (CFD) is a developing field that can be applied to various hydraulics 

and dam related problems. At present the field of CFD has became a commonly applied tool for 

generating numerical solutions for fluid flows with or without solid interaction. The three main 

approaches behind CFD are the finite difference, finite element and finite volume methods. In all 

cases, CFD involves discretizing the spatial domain into a grid or mesh of points or elements, and 

marching the numerical solution forward in discrete time steps. In the finite difference formulation, 

individual derivative terms in the equations of motion are written in terms of field-value differences 

determined at or between the grid of mesh points and the resulting system of algebraic equations is 

solved numerically. In the finite element or volume formulation, the equations of motion are solved 

within small elements that together cover the spatial domain of interest with the matching conditions 

between elements leading to a system of algebraic equations that is solved numerically. There are 

many tools that facilitate the computational fluid dynamics such as ANSYS FLUENT, FLOW 3D, 

REEDFLOW etc 

2.Selection of Numerical model

The Finite Element Methods (FEM), the Finite Volume Methods (FVM) and the Finite Difference 

Method (FDM) are the important numerical techniques usually adopted for the seepage analysis 

(Hyder 2010; Kamanbedast and Delvari 2012 ; Kirra et al. 2015; Molla 2019; Shivakumar et al. 2015; 

Zeidan et al. 2017). The numerical analysis using computer programs are extensively used to model 

different mode of the seepage flow conditions in embankment dams. Development in the field of CFD 

is very much helpful for complex seepage problem analysis (Cheng et al. 2018). Here two numerical 

software namely ANSYS Fluent (version 16.0) and GeoStudio 2019 (R2, version-10.01 Student 

License) models are used for the seepage analysis. These models are based on FVM and FEM 

respectively. 

2.1 ANSYS Fluent 

ANSYS Fluent is a numerical modelling software coming under the category of computational fluid 

dynamics. It is a professional package used in industry as well as for research purposes. ANSYS 

Fluent provides comprehensive modelling capabilities for a wide range of flows viz., incompressible 

and compressible flows, laminar and turbulent flows, viscous and inviscid flows, Newtonian and non-

Newtonian flows, single-phase and multi-phase flows. Steady-state or transient analyses can also be 

performed. The governing equations are explained below (ANSYS 16.0 Theory guide). 

(i) The mass conservation or continuity equation: The general form of the equation is given in

Equation (1).
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 (1) 

Where ρ is the density, t is the time,  is the velocity vector of the fluid and  is the source term if 

any. For steady flow the first term of the equation become zero. 

(ii) Momentum conservation equation: Conservation of momentum in an inertial reference frame is

given by Navier Stokes equation given in Equation (2)

 (2)  

Where p is the static pressure,  is the stress tensor,  gravitational body force and  is the external 

body force.  also comprises other model-dependent source terms such as porous-media and user-

defined sources. In the above equation stress tensor, 

 = μ [ ( ) – (3) 

Where μ is the molecular viscosity and I is the unit tensor. 

For steady flow the first term of the equation (3) becomes zero. Also, in the case of homogeneous 

porous model an additional momentum source term will be added to the momentum equation as 

shown below. 

= ( (4) 

Where α is the permeability and is the inertial resistance factor. Also, first and second terms on the 

right side represent laminar and turbulent flows. For laminar porous model the inertial resistance 

factor  is considered as zero. 

2.2 GeoStudio model 

GeoStudio is an integrated software suite for modelling ground water seepage through porous media, 

slope stability, stress and deformation analysis, dynamic earthquake analysis, thermal analysis, vadose 

zone and soil cover analysis and contaminant transport analysis. This software is based on finite 

element method. The software is capable for modelling of two-dimensional and three-dimensional 

structures under steady or transient flow conditions. The seepage analysis tool SEEP/W available in 

GeoStudio is utilized in this thesis work for two-dimensional seepage analysis. 

Governing equation behind the model for homogeneous earthen dam is given by Laplace two-

dimensional equation which is shown in Equation (5). 
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 (5) 

Where h is the hydraulic head, and  are hydraulic conductivities in the horizontal and vertical 

directions. 

3. Validation of Model

To validate the modelling and methodology procedure of both ANSYS Fluent and GeoStudio model, 

the numerical results are compared with the results of the numerical study by Kermani and Barani 

(2012). The validation aims to justify the methodology by conducting the study using these models 

and comparing the results. Dam cross section drawing is shown in Figure 1. 

Figure 1 Dam cross section drawing (Kermani and Barani 2012) 

General details of the dam taken for validation purpose are given in Table 1. 

Table 1 Details of the Dam 

3.1 Validation of ANSYS Fluent model 

Various steps followed for the validation of the model are described below. 

3.1.1 Geometry and Meshing: 

2D Geometry is created using ANSYS design modeler in accordance with the dam dimensions and as 

shown in Figure 2. Meshing of the prepared geometry is done by means of ANSYS meshing modular. 

Mesh size is 5cm and total number of elements and nodes are 279905 and 281190 respectively. Also, 

Name of Particulars Description 

Type Homogeneous and isotropic earth dam with Toe drain 

Width 60m 

Height 20m 

Rock toe length 15m 

FRL 15m 

Permeability 3.3 x 10-6 m/s 
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various mesh parameters; element quality, aspect ratio, skewness and orthogonal quality are 0.9754, 

1.0346, 0.0289 and 0.9972 respectively. These values are found within acceptable limit. 

Figure 2 Geometry of Dam (ANSYS Fluent) 

3.1.2 Fluent Solution Setup:  

Using Fluent Launcher window, 2D-double precision and serial processing options are selected and 

then various Setup details required for the simulation are entered as per Table 2.  

Table 2 Validation (ANSYS Fluent)- Solution Setup input details 

SI No Solution Setup particulars Description 

1 Solver type Pressure-Based, 2D, Steady, Gravity: -9.81m/s2 

2 Model type Multiphase-Volume of Fluid-Implicit, Viscous-Laminar 

3 Materials Water-liquid and Air 

4 Phases Primary phase:Water-liquid, Secondary phase: Air 

5 Porosity 0.5 

6 Operating pressure 101325 Pa 

7 Hydraulic conductivity 3.3 x 10-6 m/s 

8 Density Water: 998.2 kg/m3, Air: 1.225 kg/m3 

9 Viscosity Water: 1.003x10-3 kg/ms, Air: 1.7894x10-5 kg/ms 

10 Viscous resistance Water: 2.9585x1012 /m2, Air: 2.0355x1011 /m2 

11 Boundary conditions Upstream up to FRL: Pressure inlet (hydrostatic), Above 

FRL and dam crest: Pressure inlet (atmospheric), 

Embankment downstream sloping side and toe drain 

interface: Pressure outlet (atmospheric), Bottom: Wall,  

Volume of fraction: Inlet-Water 1, Outlet- Air 1 

12 Solution methods Scheme: SIMPLE, Spatial Discretization: Pressure- 

PRESTO! Gradient- Least Square Cell Based, Momentum- 

Second Order Upwind. 

13 Solution controls All Under-Relaxation values are default except momentum 

which is taken as 0.2 

14 Monitor Residual: Convergence Absolute Criteria- 0.001 

15 Solution initialization Standard 

3.1.3 Run Calculation: 

After initialization calculation is started by giving required iterations until a converged solution is 

obtained. 
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3.1.4 Post-Processing: 

After getting converged solution pressure values are exported and charts are prepared between 

pressure head and distance for various elevation values incorporating existing numerical study results. 

Pressure contour diagram is also generated. 

3.2 Validation of GeoStudio Model 

Following steps are carried out to validate the model. 

(i) Initially a SEEP/W analysis work space for a 2D-steady state flow is created. Geometry of the

dam is created using inbuilt drawing tool and then various input parameters are entered as per

Table 3.

Table 3 Validation (GeoStudio)- Details of input parameters 

SI No Input parameters Description 

1 Soil type Silty- Clay 

2 Material model Saturated/Unsaturated 

3 Porosity 0.5 

4 Saturated water content 0.5 

5 Residual water content 0.05 

6 Hydraulic conductivity 3.3x10-6 m/s 

7 Water content function type Data point function, 20 points 

8 Water content function estimation method Sample functions 

9 Hydraulic conductivity function type Data point function,20 points 

10 Hydraulic conductivity estimation method Van Genuchten 

11 Maximum suction 1000 kPa 

12 Compressibility 0.0005/kPa 

13 Boundary conditions Upstream up to FRL: Reservoir total 

water head (15m), Downstream: 

Interface between embankment and toe 

drain - Water pressure head(0m) 

(ii) After entering the above details meshing is done. Mesh size is 1.25 m and total number of

elements and nodes are 470 and 521 respectively.

(iii) After getting the converged results the pressure values are exported and the pressure head Vs

distance graph is prepared for various elevation values incorporating the existing numerical study

results. The pressure contour diagram is also generated.

4. Results and Discussion

Both the ANSYS Fluent and the GeoStudio models are validated separately and compared with the 

results from the literature.  

4.1 The ANSYS Fluent model 

Using the CFD Post processing tools, the pressure values corresponding to various distances for 

different elevations viz., y=0 m, y=3 m and y=6 m are selected and exported. The pressure head 

values are calculated from these data and plotted the pressure head Vs distance graph as shown in 

Figure.3, Figure 4 and Figure 5. Also, the pressure contour diagram generated by the model is shown 

in Figure 6. 
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Figure 3 Validation- Pressure head Vs Distance graph for y=0m (ANSYS Fluent) 

Figure 4 Validation- Pressure head Vs Distance graph for y=3m (ANSYS Fluent) 
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Figure 5 Validation- Pressure head Vs Distance graph for y=6m (ANSYS Fluent) 

735



Figure 6 Validation-Pressure Contour Diagram (ANSYS Fluent) 

In all the three comparison graphs it is seen that pressure head values obtained using ANSYS Fluent 

model are very close to the results of the study conducted by Kermani and Barani (2012). Pressure 

contour diagram is also shows similar pattern. From the comparison it is concluded that ANSYS 

Fluent is an effective tool for solving such fluid flow problems. 

4.2 The GeoStudiomodel 

Here the pressure head values corresponding to various distances for different elevations viz. y=0 m, 

y=3 m and y=6 m are selected and exported. Then pressure head Vs distance graph are plotted as 

shown in Figure 7, Figure 8 and Figure 9. Pressure contour diagram created by the model is shown in 

Figure 10. 
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Figure 7 Validation- Pressure head Vs Distance graph for y=0m (GeoStudio) 
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Figure 8 Validation- Pressure head Vs Distance graph for y=3m (GeoStudio) 
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Figure 9 Validation- Pressure head Vs Distance graph for y=6m (GeoStudio) 

Figure 10 Validation-Pressure Contour Diagram (GeoStudio) 

From the above comparison graphs, it is seen that the pressure head values obtained using the 

GeoStudio model are almost same as that of the results in the study conducted by Kermani and Barani 

(2012) which already involves analysis using the same software but different version. Pressure 

contour diagram is also shows similar pattern. Likewise, here also it is seen that GeoStudio model is 

an effective tool for solving such fluid flow problems. 
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5. Conclusions

Seepage is an important aspect that is to be considered while deciding the safety of a dam. Sometimes 

a small seepage issue may be an indication of a failure of a dam and therefore it is most substantial to 

properly monitor and control the seepage. The GeoStudio software has already been proved as an 

effective numerical model for seepage analysis of earthen dams. But nowadays numerical analysis 

based on computational fluid dynamics (CFD) are generally used to model a wide range of flow 

conditions through various hydraulic structures. The ANSYS Fluent, a CFD based software, has been 

effectively utilized for analyzing gravity dams, but rarely adopted for analyzing earthen dams. As 

such in this study an attempt was made for the seepage analysis of earthen dams using the ANSYS 

Fluent model. The multiphase-volume of fluid viscous-laminar-porous model of ANSYS Fluent was 

adopted for the seepage analysis. The results obtained after model simulation were compared with the 

results from literature and found almost same. Pressure contour diagram was also in similar pattern. In 

addition to this GeoStudio 2019 R2, version-10.01(Student License) model was also adopted for 

seepage analysis and compared with the existing study and obtained similar results. Finally, after 

validation and comparison, it is concluded that both the ANSYS Fluent and GeoStudio models can be 

effectively utilized for numerical modelling of earth dams having seepage problems. 
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ABSTRACT 

Flow over spillway was studied with physical model and the same was compared with numerical results obtained 

from the CFD analysis. Discharge, water surface and pressures were measured for various flow conditions. 

Computational fluid dynamics (CFD) program FLOW 3D was used to solve the Reynolds-averaged Navier-Stokes 

equations along with RNG turbulence closure model. Reasonable agreement was obtained between physical and 

numerical model results. The numerical model accurately reproduced discharge and water surface profiles. 

However, at few locations, significant difference in low and high pressure values was observed but it follows similar 

trend and magnitudes as observed in the physical model results. 

Keywords: Spillway, Orifice, CFD, Discharge, Pressure, Water surface Profile 

1. INTRODUCTION

Spillways are provided in dams to release surplus flood waters which are in excess of the storage in the 

reservoir. Physical modelling has been used extensively for evaluating the performance spillway. Recent 
advances in computational fluid dynamics and hardware technology allow employing numerical 

techniques for the analysis of flow through spillway. In present study hydraulic characteristics of spillway 

such as the water surface, the discharge, and the vertical pressure distribution on the spillway profile were 
obtained by physical model and the same was compared with numerical results obtained from the CFD 

analysis. In the physical model, frequent negative pressures on the spillway profile was observed when 

spillway was operated under gated condition with 25% PMF discharge of 2704 m3/s and reservoir at FRL 
El. 1515 m. Therefore, for numerical simulations, authors selected gated condition with 25% of PMF 

discharge. 

2. LITERATURE REVIEW

Computational fluid dynamics (CFD) program Flow 3D is widely used to analyze spillway flows. The 
program solves the Reynolds Averaged Navier-Stokes (RANS) equations along with RNG turbulence 

closure model and compute free surface through volume of fluid method to track free surface motion 

given by Hirt and Nichols (1981). The fractional area/volume obstacle representation (FAVOR) technique 
given by Hirt and Sicilian, 1985 is used to determine the void or flow region within each cell. High 

resolution in non-flowing areas can be achieved using finer grid spacing and nested mesh technique. 

Complex flow physics such as short lengths of spillway, large variation in reservoir levels, high flow 

depths and wide range of Froude numbers varying from 3 to 9 are covered by FLOW 3D. 

Savage and Johson (2001) simulated the flow over an ogee spillway using Flow-3D and found a 

reasonably good agreement between physical and numerical model results in terms of both pressures and 
discharges. However, the Flow-3D slightly overestimated the discharges. Chanel and Doering (2008) 

used FLOW-3D and concluded that CFD should not be considered a complete replacement for physical 
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modelling. D.K.H. Ho, Boyes and Donohoo (2001), Ho, D.K.H., Cooper, B.W., Riddette, K.M., and 
Donohoo, S.M. (2006), Ho, D.K.H., Donohoo, S.M., Boyes, Riddette, K.M., and Lock, C.C. (2003a). and 

Ho. D., Boyes, K., Donohoo, S., and Cooper, B. (2003b) concluded that the computed results from CFD 

over-estimated the velocity and hence underestimated the pressure distribution along the spillway. Jean 

Chatila (2004), Dan Gessler (2005), Ho and Riddete (2010), Zohaib Nisar (2015), Nguyen cong Thanh 
(2015) and Sebastian (2017) validated the numerical predictions with experimental data with minor 

errors. 

3. PROJECTDETAILS

Kiru hydroelectric project is a run-of-river scheme and is located on the left bank of river Chenab in 

Kishtwar district of Jammu and Kashmir. The project envisages construction of a 123 m high and 193 m 
long concrete gravity dam, four orifice spillways and two overflow crest spillways, an underground 

Powerhouse with total generation of 624 MW. The orifice spillway consists of 4 spans of 9.0 m width and 

12.50 m height with elliptical bottom profile of breast walls or roof profile of orifice spillway. The energy 

dissipator provided in the form of ski jump bucket followed by a preformed plunge pool. Besides lower 
level orifice spillways, two overflow crest spillways of 9.0 m width and 16.6 m height have been 

provided. The orifice and crest spillways are designed for a probable maximum flood (PMF) of 10816 

m3/s inclusive of Glacial Lake Outburst Flood (GLOP) of 620 m3ts. 

4. PHYSICAL MODEL

A 2 dimensional physical model was constructed to a geometrically similar scale of 1 :50 in a flume 

measuring approximately 1.83 m wide by 12 m long by 2.1 m deep with both sides transparent. The 

model include a part of upstream river, orifice spillway comprising one full span and two half spans of 

spillway, two full piers, breast walls and ski jump bucket profile and downstream plunge pool. The model 
was fabricated using transparent Acrylic and PVC foam sheets. Photos 1 and 2 show the side and 

downstream view of the model respectively. Pressure taps were used for piezometric pressure 

measurement. Sharp crested Rehbock weir was used for measurement of discharge. Water levels were 

measured using pointer gauge. Tail water rating curve supplied by project was used for conducting the 
studies. Photo 1 shows the side and downstream view of the model. Fig. 1 shows the location of the 

pressure taps along the spillway. 

Photo 1: Side view of the dry model of spillway and plunge pool 
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Figure 1: Location of the pressure taps along the spillway in physical model 

5. NUMERICAL MODEL SET UP

A three dimensional geometry was created using AutoCad software. The AutoCad drawing was saved in 
stereo lithographic (Stl) file extension image and then imported into CFD (Flow-3D) for numerical 
analysis. The computational domain for numerical modeling is shown in Fig. 2. Four porous baffles were 
also included in the mesh as a means of computing the flow rate in Flow3D by defining them as flux 

surfaces and are arbitrarily placed at x=-50 m, x=2 m, x = 15 m and x =175 m as shown in the Figure 2. 

A manual multi grid method was adopted to speed up convergence to a steady-state solution. A 
rectangular grid type mesh with a uniform cell size in all directions was used for all mesh blocks. The 
mesh is extended on upstream and downstream of structure to view fluid movement. Coarse mesh 
selected for upstream and downstream sections and finer for spillway portion. Computational multi grid 
meshing with uniform cell size for numerical modelling is shown in Fig. 3. Boundary Conditions 
considered for numerical modelling for given flow are shown in Fig. 4. 

The following conditions were assigned at the boundaries: Xmin - Specified pressure and fluid elevation 
crest with a hydrostatic pressure distribution; Xmax - outflow; Y min and Y max - wall with no slip 

Figure 2: Computational domain for numerical 

modelling 

Figure 3: Computational multi grid meshing 

with uniform cell size for numerical modelling 
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condition; Zmin - wall with no slip condition, Zmax - pressure boundary with a gauge pressure equal to 
zero (atmospheric). 

Figure 4: Boundary Conditions considered for numerical modelling for given flow 

Having defined boundaries of the model, initial trial fluids were added on the upstream and downstream 

sides of the structure to save computational time. The transient flow analysis was carried out for a period 
of time until a steady state was reached. This was determined by inspecting the results such as the net 

flow rate and the kinetic energy of the system. After pre-processing, fluid flow solver option was selected. 

The post processing was carried out to extract the results, using the "Flow Sight" post processing 

software. 

6. VALIDATION OF PHYSICAL AND NUMERICAL MODEL

The results from physical Model and CFD model is compared here for the discharge of 2704 m3ts (i.e. 

25% of design discharge) for the gated operation of the spillway in respect of spillway discharge, water 
surface profiles, pressures on bottom profile of spillway and length of jump. 

6.1 Discharging Capacity 

A comparison between CFD model discharge and physically observed one at 25% gate opening of 
spillway and reservoir level is shown in Table 1. Comparison shows that discharge difference is in the 

range of 0.78% which reasonably good agreement between numerical model results and experimental 

studies. 

Table 1: Comparison of discharge and discharge coefficient for Physical and numerical model studies 

6.2 Water Surface Profiles 

Water surface profiles in both physical and numerical models were observed along the centre line of 

spillway span. The water surface profiles over surface of spillway were recorded at 75 seconds because 

Operating 
condition 

Reservoir water 
level in m 

Physical model 
Discharge in m

3
/s 

Numerical model 
Discharge in m

3
/s 

Percentage 
Difference 

25% gated 1,515.00 2,703.97 2,725.16 0.78 % 

cd 0.845 0.851 0.78 % 
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the steady steady state reached at 75 seconds. Results from both model studies were matching closely 
except with minor differences in the upstream water profile due to mesh density. Comparison of physical 

and numerical model results are shown in Figures Figures 5(a) and 5(b). 

Figure S(b): Water surface profile comparison for physical and numerical model 

6.3 Pressures on Bottom Profile of Spillway 

Pressure results obtained from numerical model and physical model are plotted together as shown in 

Figures 6(a) and 6(b). It can be observed that the computed results overestimated the velocity and hence 
underestimated the pressure distribution along the spillway but the general trend and magnitudes are in 

good agreement with the physical results. 

Figure 5(a): Numerical Modelling results for flow depth and free surface elevation obtained from 

numerical simulation  
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7.0 CONCLUSION 

The numerical model results were compared with physical model results in terms of discharge, water 

surface profile and pressures on spillway profile. The results showed good agreement with physical model 
results. The numerical model accurately reproduced discharge and water surface profiles. Extreme low 

and high pressures observed in the physical model could not be matched with numerical model. 

Numerical model may overestimated the velocity resulting in underestimation of pressure but the general 
trend and magnitudes are in good agreement with the physical results. Introduction of fine mesh, other 

turbulence model and air entrainment model may reduce errors in pressures. 
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Abstract 

In the present study, the numerical model in frequency domain based on the potential flow theory is considered 

to study the hydrodynamic performance of cone-cylinder type heaving point absorbers combined with Submerged 

Tension-Leg Platform (STLP). The arrays of heaving point absorbers are placed in circular and concentric pattern 

in different numbers to understand the performance of heaving point absorbers in absorption of wave energy. The 

study for the hydrodynamic performance is conducted for 8 heaving point absorbers in circular and concentric 

arrangement around the STLP platform. The cone-cylinder type heaving point absorber is selected for the study 

purposes as they yield more wave power as compared to other shaped point absorbers. The point absorber is 

assumed to have a linear power take-off system of external damping coefficient and supplementary mass 

coefficient tuning the point absorber. The presence of the Wave Energy Converters (WEC) around the platform 

affects the hydrodynamic coefficients (added mass, radiation damping and excitation force) and hence to illustrate 

the effects of WECs on the platform the ratio of hydrodynamic coefficients for a single WEC to those for a hybrid 

system is analysed. The study also compares the wave power absorption of each point absorbers around the 

platform in irregular waves for different sea-state conditions taking into account the North Atlantic wave data. 

The effect of incoming waves is also illustrated as the study is carried out for four different wave heading angles. 

In order to quantify the performance, the q-factor and co-efficient of variance are compared for each array for 

different sea states. The study performed will be helpful in the design and analysis of possible arrangement of 

point absorbers around the wind turbine platform for wave power absorption. 

Keywords: Submerged Tension-Leg Platform (STLP); Wave Energy Converter (WEC); Potential flow theory; 

Hydrodynamic Coefficients; Point Absorber. 

1. Introduction

Offshore wind energy resources have now become a part of large industry which started from installing 

monopoles in Vindeby wind farm in 1991. The offshore wind energy has developed as world’s major 

renewable energy sector in the last couple of decades as the installed capacity of Europe has grown up 

to 15.8 GW at the end of year 2017 and has established a target of 460 GW of installed capacity by the 

end of the year 2050 (Callazo, 2015). In near future, the offshore region the wind energy will play a 

leading role in worlds energy supply. Though there is a dominance for the wind power in the current 

energy scenario, the energy exploitation of waves is promising because of its high resource availability 

and its huge potential for generation of electricity. Wave energy has proved to be more continuous and 

concentrated compared to the wind energy but is at a relatively immature state. A commercial wind or 

a wave farm is expected to occupy large ocean space and hence it would be beneficial to combine these 

devices of wind and wave energy in a single platform to share the ocean space, installation cost, energy 

cables, mooring systems and maintenance cost The need for the higher and additional quality wind 

resources has led to extend the study towards deep water areas where the wind turbines can be spaced 

at a certain distance to avoid aerodynamic wake. The spaced can be utilised to provide Wave Energy 

Converter (WEC) to improve the power production which led to the idea of combining the Floating 

Wind Turbine (FWT) with Wave Energy Converters (WECs). A combined floating wind turbine and 

wave energy converter has now found to be a better solution for offshore power supply. 

A significant study on the combined concept of spar-type wind turbine combined with torus-type point 

absorber is performed by various researchers. Muliawan et al. (2012) studied combined concept of 
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Hywind spar platform with Torus point absorber type WEC. The study focused on the feasibility of the 

spar-torus concept and the platform is modelled in such a way that the torus is able to move freely in 

heave but could only move together in surge, sway, roll, pith and yaw motion with the help of wheels 

at each elevation. Muliawan et al. (2013) extended the study by analysing the responses of the combined 

Hywind spar platform with Torus point absorber type WEC. The study investigated the effect of 

combining the WEC with FWT in terms of platform motions, power production and mooring load of 

the integrated platform with the platform motions, power production and mooring load of the single 

spar type floating wind turbine. It is also observed that the wind power production is increased by about 

6 % which is the result of the decrease in the platform surge and pitch motion as the turbines blades are 

aligned more towards the wind. Further, the hydrodynamic responses of Spar-Torus combination is 

investigated by Wan et al. (2015) through numerical and experimental studies. The numerical study 

observed a positive synergy with the combination of spar with torus wave energy converter though it 

was challenging to maintain a structural integrity between the platform and the wave energy converter. 

The study is performed a 1:50 scale model under different survival conditions to observe the 

survivability of the structure under two survival models.  

The combined concept of TLP-type wind turbine with heaving type wave energy converter is 

investigated in the recent years to understand the feasibility of the device in energy production. Zhou et 

al. (2016) presented a novel concept by combining a tension leg platform and heaving type wave energy 

converter (TWWC). Time domain simulations were performed to understand the feasibility of the 

system. Hydrodynamic analysis was conducted using AQWA code where multi body modelling 

including the hydrodynamic and mechanical coupling between the TLP and WEC is evaluated. The 

study investigated the effect of wave period and different power take of systems on the performance of 

the proposed system carrying NREL 5MW wind turbine. Shen et al. (2016) introduced a high power 

integrated unit for offshore wave and wind energy W2P. The system includes a wind wheel with 

retractable blades and the 3-DOF mechanism combining a hemispherical oscillating body to absorb 

wind and wave power in a continuous manner. The deployed energy conversion devices convert the 

absorbed mechanical power into hydraulic energy. This hydraulic energy is further utilised to drive the 

electric generators and hydraulic motors to produce electricity. In the EU FP7 MARINA platform 

project, three combined floating concepts namely Semi-submersible flap combination (SFC), Spar torus 

combination (STC) and the array of oscillating water column around the wind turbine are studied 

numerically and experimentally. Gao et al. (2016) investigated numerically and experimentally the 

performance of STC and SFC concept under simultaneous wind and wave conditions considering both 

the operational and survival conditions. The numerical investigation was based on a time domain global 

model using for blade element momentum theory or simplified thrust model for aerodynamics and the 

potential flow theory hydrodynamics. The preliminary study concluded that the power production will 

be higher for the combined system than for the pure floating wind turbine.  

An array of heaving point absorbers in circular and linear pattern to understand the absorption of wave 

energy for different arrangement of heaving point absorbers is performed by Sinha et al. (2015). Three 

different floater shapes were considered for the analysis, namely the hemisphere, hemisphere-cylinder 

and the cone cylinder using the boundary element method for the determination of hydrodynamic forces 

and coefficients. The efficiency of power absorption in irregular waves are examined for different 

floater shapes, wave heading angles and positioning of the floater.  

In the present study a submerged tension platform with eight WECs in circular and concentric pattern 

is presented. The study aims to determine the performance of the system by studying the wave power 

absorption of the system in irregular wave conditions for North Atlantic wave data.  The irregular waves 

are presented using JONSWAP spectrum and North Atlantic waves are considered for the partially 

developed sea states. The responses of the system are compared and studied for different wave heading 

angles to understand the feasibility of the system. Further the q-factor is calculated and compared for 

each sea-state for different pattern of arrays of WECs. 

747



2. Modelling of wave-wind FWT concept

In the present study the STLP floating platform with eight wave energy converters in circular and 

concentric pattern is studied to analyze the hydrodynamic performance and power absorption by the 

WEC. The schematic representation of the platform, turbine and the wave energy converters are shown 

in Figure 1. 

Figure 1: Schematic representation of heaving point absorber WEC around STLP. 

The geometric modelling of the structures below the design water surface, i.e. the wetted surface of the 

structures is performed using RHINO3D. The model surface is subdivided into patches, and all the 

patches represent the wetted surface. In order to provide a better continuation, the body surface is 

discretized by these patches and a set of small elements called panels are defined with these patches. 

The panel size are modified depending on the accuracy requirements and the modelling of the 

submerged portion is done alone. The geometric data file (gdf) is obtained from RHINO3D and the 

coordinates of the submerged portion of the structure are obtained. Hydrodynamic analysis and coupled 

dynamic analysis for STLP with eight WEC is performed for different wind and wave-loading 

conditions. The hydrodynamic analysis is conducted using WAMIT considering only the wave 

conditions and the multibody analysis for the arrays of WECs is conducted to determine the response 

of each floater and hence the power absorbed by the floater is determined for irregular waves. A cone-

cylinder floater and STLP type floating offshore wind turbine shown in Figure 2(a, b) are considered 

for the study purpose and the dimensions are given discussed in Table 1 and Table 2. The cone cylinder 

floater is arranged around the STLP type floating platform in circlular and concentric pattern and shown 

in Figure 3. The eigh numbers of point absorbers are aranged in such a way that they are placed at 

minimum distance from the platform so that the pltform never disturbs the heaving motion of the floater. 

The floaters are asuumed to oscillate in heave mode and the effect of diffraction and reflection of th the 

waves on the platfrom are neglected. 
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(a) (b)

Figure 2. Perspective view of (a) cone-cylinder shaped WEC and (b)  STLP floater. 

Table 1. Dimensions of the cone-cylinder WEC. 

Base radius of the cone-cylinder floater 2.5m 

Apex angle of the cone portion 90 degrees 

Height of cylindrical portion 0.5m 

(a) 
(b) 

Figure 3.  Top view for the arrangement of WECs in (a) Circular pattern (b) Concentric pattern. 

The selected wind-wave hybrid platform with eight WECs are arranged in a circular and concentric 

array around a STLP type floating offshore wind turbine. A minimum spacing of 45m is provided from 

the center of the platform to the WECs for circular configuration. The dynamic responses of two 

different floating configurations (floating platform with WECs) is analysed using the hydrodynamic 

tool WAMIT. Multi-body analysis is done for the two different patterns of floating platform considering 

only the wave load acting on the structure and the power is calculated for the irregular waves for 

different wave heading angles. 

Table 2. Dimensions of the STLP wind turbine. 

Column Diameter 6.5 m 

Diameter of vertical pontoon 9.0m 

Height of vertical pontoon 12.0 m 
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Distance between Vertical pontoons 40.0 

Width of vertical pontoon 5.0 m 

Height of vertical pontoon 3.0 m 

Platform Mass 2.7342 x 106 kg 

2.1 Power absorbed 

The equation of motion of N multiple bodies oscillating in heave in a regular wave with angular 

frequency   is given by 

2( ) ( )a ext hyd extM M Z j B B Z KZ F       (1) 

where Z is the complex conjugate of the floater motion, M is the mass of the matrix of the floaters and 

K is the matrix with hydrostatic restoring co-efficient. The linear damping matrix enabling the wave 

power extraction is given by  

( )j

ext extB b I  (2) 

where 
( )j

extb  is the external damping for the jth  floater and I  is a N x N  identity matrix. 
aM , hydB

are calculated using WAMIT. The power absorbed by a single floater in regular waves is given by 

2 21

2
abs ext AP b z (3) 

In the case of irregular waves, the power absorbed is obtained by applying linear superposition of the 

floater responses given by  
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where 
A is the wave amplitude and  S  is the wave amplitude spectra. The wave amplitude spectra

are based on the JONSWAP spectrum which is given by 
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where the peal enhancement factor, 3.3  , 
pf the peak frequency and the factors 
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The values of the spectral width parameter depends on the frequency given by 

0.07s  for pf f and 0.09s  for pf f (7) 

In order to quantify the effect of wave interactions on wave power in a WEC array, the mean interaction 

factor 
meanq , defined as the ratio of the total wave power of the array to N times wave power from a 

single isolated WEC is of the form 

750



( )
( )

( )

Total
mean

isolated

P
q

N P






 
  

 

where ( )isolatedP   is the maximum wave power of a single WEC at wave frequency  .  

3. Results and Discussions

The STLP platform provided with eight numbers of wave energy converters in concentric and circular 

pattern is studied to understand the influence of the WECs on the platform. In order to study the effect 

of the platform and other WECs, the ratio of the hydrodynamic co-efficient (added mass and damping 

co-efficient) for a single WEC to those of a hybrid system is analysed. Even though the hybrid system 

and the incident wave are both symmetric about the x-plane, the hydrodynamic co-efficient of all the 

buoys are shown in Figure 4. The added mass and the damping represent the impedance to the motion 

of WECs. The differences observed in the study closely related to different positions of WECs. Figure 

4(a) and figure 4(b) shows the variation of the ratio of added mass for the hybrid system to those for a 

single WEC. Almost all the ratios of the added mass are close to 1 for both circular and concentric 

pattern. 
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Figure 4. Variation of the ratio of added mass for hybrid system to that of single system for  (a) 

Circular and (b) Concentric pattern. 

It is observed that almost every value after a time period of 6s is closer to 1.0 for both circular and 

concentric pattern which indicates that the effect of platform and other WECs on the added mass is 

negligible. The largest amplification factor of added mass for the circular pattern is near 1.6 at 3s for 

buoy 3 and the reduction factor is close to -0.1 at 3s for buoy 2. The effect of the platform and the WECs 

on the added mass is very much related to the size of the WECs.  Figure 5 shows the variation of 

damping for the hybrid system to that for a single WEC. The figure 5 shows that the variation of 

damping is less in the low frequency region than that in the high frequency region, because the sizes of 

the platform and the WECs are relatively smaller than the wavelength in the low frequency region. The 

largest amplification factor for the circular pattern is around 3.5 at 2s and the reduction factor at 0.8 at 

1s for buoy 3. In the case of the concentric pattern the largest amplification factor is over 4 at 3s and 

the reduction factor is nearer to 0.5 at 2s. Thus the effect of the platform and the other WECs on the 

radiation is more significant than added mass. The total average power absorbed for an array of WECs 

for circular and concentric pattern is presented for 00, 300, 450 and 600 wave heading angle. The power 

performance is compared for the selection of best possible array. In figure 6, the total power absorbed 

by the 8 wave energy converters in circular and concentric pattern is plotted against significant wave 

heights. It is observed that the total absorbed power is slightly better for the concentric pattern of eight 

number of wave energy converters. 
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Figure 5. Variation of the ratio of damping coe-efficient for hybrid to that of single system for  (a) 

Circular and (b) Concentric pattern. 
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Figure 6. Total power absorbed by array of eight wave energy converters for (a) 0-deg,    (b) 30-deg, 

(c) 45-deg and (d) 60-deg wave heading angle.

Figure 6(a-d) indicates the total power absorbed by circular and concentric pattern of eight numbers of 

wave energy converters for four different wave heading angles. The maximum time average power 

absorbed by different configuration of wave energy converters is for 600 wave heading angle. The 8-

buoy circular configuration has an average value between 400 and 500kW/h for different wave heading 

angles. But for the concentric pattern the average total power absorbed is more than 500 kW/h. The 
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power extracted is more for 8 buoy configuration in concentric pattern as compared to circular pattern. 

Also, the mean interaction factor, defined as the ratio of total wave power of the array to N times wave 

power from a single isolated WEC is also studied tot of waves on the power absorption of the wave 

farm.  
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Figure 7. Variation of mean interaction factor for (a) circular pattern and (b) concentric pattern. 

Figure 7 shows the mean interaction factor for the circular and concentric pattern of WECs. The mean 

interaction factor is plotted against the significant wave height to understand the effect of waves on the 

power absorption of the wave farm. The trend is similar for both concentric and circular pattern. For 

the circular pattern the average value for 
meanq is less than 1.0 for 450 and 600 wave heading angle for 

all wave conditions. This indicates that the wave interactions have a destructive effect on the power 

absorption of the wave farm. The figure 7(b) shows that the average value for 
meanq  is greater than 1.0 

for most of the wave conditions indicating that the farm effect is constructive. For both the cases of 

circular and concentric configuration, the value of 
meanq is high for the 00 wave heading angle. 

4. Conclusions

In the present study the hydrodynamic performance of a hybrid system combining a floating offshore 

wind platform and multiple heaving type WECs for two different arrangement (concentric and circular) 

is presented. The total power absorbed by the WECs under irregular waves in the given wave 

environment is studied. The ratio of hydrodynamic co-efficient and the mean interaction factor is also 

analysed to understand the effect of WECs and the platforms. The effect of the platform and other WECs 

on the radiation damping is more significant than the added mass at higher frequencies. The total power 

absorbed by the WECs is slightly higher for the concentric pattern compared to the circular pattern for 

any wave heading angles and also the power absorption increases with the increases with the increase 

in the wave height. Further, the study for the mean interaction factor shows that the farm effect is 

constructive for the concentric pattern of 8 number of WECs. The present study can provide valuable 

guidance for combining offshore power supply and platform protection performance to deliver a hybrid 

WEC- platform system. 
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Abstract 

The integration of Offshore Floating Wind Turbine (FWT) with Wave Energy Converter (WEC) helps in better 

use of the ocean space for renewable energy and also decrease the associated costs of installation and maintenance 

when compared to separate individual devices. One of the significant advantages of combined wind and wave-

power generation is to improve the probability of continuous power supply, which had been the major criticism 

of renewable energy sources, by minimizing the interruptions and compensating power fluctuations of one with 

another. In the present paper, the combined concept of semi-submersible offshore wind turbine with different 

arrangements of Point Absorber-type wave energy converter is studied. The cone-cylinder shaped point absorbers 

are arranged in different numbers around the cylinders of the OWT to study the effect of point absorbers on the 

platform. The hydrodynamic analysis is performed using WAMIT, and the coupled dynamic analysis is performed 

using FAST to study the motion amplitudes, forces and bending moments at the tower base of the combined OWT 

and point absorber WEC configurations. Further, various configurations of the point absorber attached to the 

OWT is compared, and the best possible configuration is identified for the combined wave and wind energy 

device. 

Keywords: Semi-submersible platform; Wave Energy Converter (WEC); FAST; Offshore Wind Turbine; Dynamic 

analysis. 

1. Introduction

In the past decade, more and more offshore wind farms have been constructed. Hence, the possibility 

of integrating other marine renewables, such as WECs and ocean current turbines with offshore wind, 

is increased. The integration can present several advantages, such as better utilization of the ocean space 

and decreasing the associated costs, e.g. installation/maintenance costs relative to separate installations. 

There are possibilities to share substructures and infrastructures between the devices as well. Here, the 

focus is on integrating the wind- and wave-power devices to present hybrid concepts. There are many 

researchers whose work have acertained that there can be a positive synergy between the FWTs and the 

WECs. Fusco et al. (2010) have shown how the combination of wave and wind causes variability 

reduction for an Irish case study. Analysis of the raw wind and wave resources in some locations in 

Ireland shows that they are low correlated. Hence, the integration of wind and waves in combined forms 

allows the gaining of a more dependable, less variable, and more predictable electrical power 

production. Chozas et al. (2012) showed that the balancing cost is reduced for a combined wave and 

wind system. They showed that when wave converters are combined the balancing costs keep lowas 

much as 45% lower than for wind turbines. Weinstein et al. (2011) investigated oscillating water 

columns, buoy point absorbers, spherical-point absorber as well as flaps. In the studies, the author listed 

out the challenges involved in designing so that the device could be optimized to improve its 

performance O'Kelly-Lynch et al. (2019), in their study, presented a review-driven methodology of 

preliminary assessment of incorporating a Point Absorber WEC device in a monopile for an offshore 

wind turbine, considering the structural steel design and subsequent financial implications at a variety 

of depths in two Irish sites. Muliawan et al. (2011) in their studies displayed that by combining a Torus 

(donut-shape heaving buoy) with a Spar type FWT increased the wave induced motions of the Spar due 

to increased wave forces on the system. They had also ascertained that the amplitude of the motion in 
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the heave direction for both cases will depend on the PTO parameter that connects the two bodies to 

absorb the wave's power.  

The open source software FAST is used for the coupled dynamic analysis. Cermelli et al. (2009), in 

their study, described the hydrodynamic analysis of the hull for WindFloat, a floating foundation for 

very large offshore wind turbines, as well as ongoing work consisting of coupling hull hydrodynamics 

with wind-turbine aerodynamic forces. For the latter they used, FAST, an aerodynamic open-sourced 

software for the analysis of wind turbine with the capacity to be coupled to a hydrodynamic model. 

Validation of the model against experimental data is critical to gain assurance that a model is accurate 

and able to sufficiently predict loads and motions of floating wind turbines. Driscoll et al. (2016), in 

their paper, directly compared the measured response of Statoil’s Hywind Demo spar offshore wind 

turbine with the predicted response from a representative FAST model exposed to similar wind and 

wave conditions and concluded that the model accurately predicted the natural periods of motion for the 

spar and the aggregate masses for the tower-top assembly and the turbine system. Ramachandran et al. 

(2013) in their study, examined the consistency between response amplitude operators (RAOs) 

computed from WAMIT to RAOs derived from time-domain computations based on white-noise wave 

excitation using FAST. A comparison of RAOs computed for a rigid turbine showed that WAMIT can 

be used as a verification tool for the modelling of floating wind turbines in FAST. However, the RAOs 

for a flexible turbine cannot be estimated using WAMIT. 

Most of the researchers used 5MW wind turbine as the reference wind turbine for the floating platforms. 

Lyu et al. (2019) did a study which was primarily devoted to the analysis of dynamic response of the 

NREL-5MW wind turbine supported by a SPAR-type platform using a recompiled code which 

combined FAST with WAMIT. To verify the reliability of the recompiled code, the free decay motions 

of a floating wind turbine system in still water were examined which gave satisfactory results. 

Vasconcelos et al. (2020), in their study, used FAST and ANSYS for the structural analysis of the 

DeepCWind platform. For the original platform, the modal analysis gives suitable results which 

concluded that the structure fundamental frequency, and damaging frequencies, do not coincide with 

the frequencies of excitation which are most probable to occur for the design load case assessed. In 

floating offshore structures, mooring modelling plays a very important part in predicting the global 

response of the platform and predicting the loads on the mooring lines. Hall et al. (2015) in their paper 

introduced a lumped-mass mooring line model and validated it against scale-model floating offshore 

wind turbine test data. The mooring model incorporated axial elasticity, hydrodynamic loading via 

Morison's equation, and bottom contact.  

In the present report, a combined concept involving a combination of Semi-submersible Floating Wind 

Turbine (FWT) called DeeCWind and cylinder-cone shaped Point Absorber-type Wave Energy 

Converter (WEC) is considered.  When compared to individual deployments of FWTs and WECs, the 

combined concept will have fewer capital costs because it will reduce the number of power lines, 

mooring lines and also the structural mass of the WECs. The effect of the addition of a Point Absorber 

on DeepCWind's motion and power production has been investigated. The time domain coupled 

dynamic analysis is performed using FAST to understand the motion amplitudes, forces, and bending 

moments of the combined concept and to estimate the power production from the FWT under 

operational conditions. The responses of the combined platform in frequency domain under the wave 

load is plotted for different wave direction to understand the motion amplitudes of the system. Also, the 

time series data for a wave of 1s wave period is plotted and compared for different configurations of the 

combined system to under stand the motion amplitudes, forces and the moments developed at the base 

of the tower and the tension developed on the mooring line under the action of wind and wave. The 

study thus helps in understanding the feasibility of the combined system under wind and wave load.  

2. Modelling of combined FWT and WEC

The combined concept which is studied, that is referred as the 'DeepCWind Point Absorbers 

Combination’ (DCW_PA), is inspired by the Semi-submersible type FWT ‘DeepCWind’ and the 
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conical floating-Point Absorber WEC shown in Figure 1. These two concepts are briefly described as 

follows: 

Figure 1: DeepCWind floating wind system (Robertson, 2014) and cone-cylinder shaped point 

absorber (Schay, 2013).      

DeepCwind, OC4, a semi-submersible design developed for the DeepCwind project, is a U.S.-based 

project that is aimed at generating test data for use in validating floating offshore wind turbine modelling 

tools. (Robertson et al. 2014). The tower used for the OC4-DeepCwind semi-submersible is very similar 

to the OC3-Hywind spar-buoy tower. The only aspect different between them is that the tower mode 

shapes, that are used by some tools to represent how flexible the tower is. The mode shapes of 

DeepCWind and Hywind differ due to the change in boundary conditions at the support of the tower. 

Figure and details of the floating platform structure are provided in Figure 2 and Table 1, respectively. 

Also, in the table, the additional point absorbers members are also added, which is investigated in this 

work. The draft of the platform is 20 m. 

Figure 2: As-built picture of DeepCWind semi-submersible platform for 1/50th scale tests ((Robertson 

A. et al. (2014))

The tower of the FWT is cantilevered at an elevation of 10 m above the Still water level (SWL) to the 

top of the main column (MC) of the floating platform. Between the bottom and top of the platform, the 

OC4 DeepCwind semi-submersible consists of the main column that is attached to the tower and three 

offset columns that are connected to the main column through a series of smaller diameter pontoons 

and cross members.  The cone-cylinder type WEC architecture is depicted in Figure 1. This is a small-

scaled WEC belonging to the point absorber category because its characteristic dimension has a 

negligible size when compared to the wavelength of the ocean waves. The two main components are 
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buoy, which floats with the sea waves, connected to a double effect hydraulic cylinder by supporting 

cables. Although six modes of motion are possible, the floating buoy is assumed to oscillate only in 

heave mode. (Beirao, 2014) 

Table 1: Summary of the geometry and the thickness of the members 

Members Length Thickness 

Main Column 30 0.03 

Upper Column 1, 2, 3 26 0.06 

Base Column 1, 2, 3 6 0.06 

Base column cap 1, 2, 3 - 0.06 

Delta Pontoon, Upper 1, 2, 3 38 0.0175 

Delta Pontoon, Lower 1, 2, 3 26 0.0175 

Y Pontoon, Upper 1, 2, 3 19.62 0.0175 

Y Pontoon, Lower 1, 2, 3 13.62 0.0175 

Cross Brace 1, 2, 3 32.04 0.0175 

Point absorber 1, 2, 3, 4, 5, 6, 7, 8, 9 5.5 0.06 

3. Modelling of Combined Wave and Wind Energy Platform

3.1 Geometric Modelling 

.(a) (b) 

(c) (d) 

Figure 3: Panel models applied in the hydrodynamic and coupled dynamic analysis: (a) DeepCWind 

alone, (b) DeepCWind with 3 Point Absorbers, (c) DeepCWind with 6 Point Absorbers,  

(d) DeepCWind with 9 Point Absorbers.
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The combined platform in the present study is modelled as a single rigid body which is a Semi-

submersible FWT and heaving point absorber.  Fig. 3 (a-d) shows the illustration of the present model 

with 3, 6 and 9 point absorbers arranged around the DeepCWind. It has been modelled in Rhino 3D. 

Rhino uses NURBS for modelling poly curves, surfaces, polysurfaces, solids and polygon mesh. Rhino 

creates polygon meshes for rendering, surface analysis, and for importing and exporting models to other 

applications such as WAMIT 

In the present study, WAMIT is used for finding the hydrodynamic pressures, loads and motion of a 

body when interacting with a plane progressive wave. Also, we obtain quantities like the added-mass, 

damping coefficient, exciting force and hydrostatic coefficients which we then export to FAST for 

performing the couple dynamic analysis of the combined platform. In FAST we use HydroDyn, 

AeroDyn and MoorDyn for estimating the hydrodynamic, aerodynamic and mooring loads respectively. 

Also, Turbsim is used for calculating the aerodynamic forces as a function of the relative wind velocity. 

3.2  Numerical Modelling 

The total load on the floating platform of the FWT from linear hydrostatics, 

Hydrostatic Hydrostatic

i o i3 ij jF gV C q    (1) 

where  
Hydrostatic

ijC  is the (i,j) component of the linear hydrostatic-restoring matrix from the effects of the 

water-plane area at the centre of buoyancy (COB), jq is the jth platform DOF. ( q represents the set of

platform DOFs Without the subscript) . In equation 1, the subscripts i and j range from 1 to 6 (1 = surge, 

2 = sway, 3 = heave, 4 = roll, 5 = pitch, 6 = yaw). (Robertson et al. 2014) 

3.2.1 Hydrodynamics 

Hydrodynamic properties of the platform involved are calculated in the frequency domain using 

WAMIT (Lee and Newman, 2006) and then applied in FAST to carry out the coupled motion (wave- 

and wind-induced responses). Fig. 3-1 a, b, c, d shows the panel model that was developed for the two-

body hydrodynamic analysis in the present study. We have modelled the platform according to the 

potential-flow theory and not included the Morrison’s equation. The linear potential-flow problem was 

solved using WAMIT. WAMIT uses a three-dimensional numerical-panel method in the frequency 

domain to solve the linearized potential-flow diffraction problems and hydrodynamic radiation for the 

interaction of the waves with offshore platforms. The radiation problem considers the hydrodynamic 

forces on the platform associated with oscillation of the platform in its different modes of motion (which 

radiate outgoing waves). Its solution is given in terms of oscillation-frequency-dependent 

hydrodynamic added-mass and damping matrices, Aij and Bij respectively.  

Also, the solution to the diffraction problem, that considers the hydrodynamic loads on the platform 

associated with excitation from incident waves on the platform is given in terms of the wave-frequency 

and direction-dependent hydrodynamic wave excitation vector, Xi. Whereas 
ijA and 

ijB are real-

valued, 
iX has a complex value, with the magnitude determining the load normalized per unit 

amplitude of the wave and the phase determining the lag between the wave elevation and load 

(Jonkman, 2007). The velocity potential of the incoming incident wave is (Lee C. H. and Newman, J. 

N., (2006)) 

i xcos i ysin

0

igA cosh[ (z H)]
e

cosh

     
 

 
 (2)   

where the wavenumber  is the root (real) of the dispersion relation  
2

tanh H
g


    (3)   

 is the angle between direction of heading of the incident wave and the positive x−axis 
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The linearization of the problem allows the decomposition of the velocity potential into the radiation 

and diffraction components. 

R D   (4)  

6

R j j

j 1

i


     (5)    

j denotes the complex amplitudes of the body oscillatory motion in its six degrees of freedom, and j

the corresponding unit-amplitude radiation potentials. The integral equation satisfied by the radiation 

velocity potentials ϕj on the body boundary is 

b b
j j j

S S

G( ;x)
2 (x) ( ) d n G( ;x)d

n

 
       

 
   (6) 

Equation for the total diffraction velocity potential 
D  is 

b
D D 0

S

G( ;x)
2 (x) ( ) d 4 (x)

n

 
      

  (7)   

3.2.2 Aerodynamics 

FAST is a tool for simulating the coupled dynamic response of wind turbines. FAST joins aerodynamics 

models, hydrodynamic models for offshore structures, control and electrical system (servo) dynamics 

models, and structural (elastic) dynamics models to enable coupled nonlinear aero- hydro-servo-elastic 

simulation in the time domain. The wind turbine can be modelled on land or offshore on fixed-bottom 

or floating substructures. The aerodynamic models use wind-inflow data and solve for the rotor-wake 

effects and blade-element aerodynamic loads, including dynamic stall. The hydrodynamics models 

simulate the regular or irregular incident waves and currents and solve for the hydrostatic, radiation, 

diffraction, and viscous loads on the offshore substructure. The control and electrical system models 

simulate the controller logic, sensors, and actuators of the blade-pitch, generator-torque, nacelle-yaw, 

and other control devices, as well as the generator and power-converter components of the electrical 

drive. The structural-dynamics models apply the control and electrical system reactions, apply the 

aerodynamic and hydrodynamic loads, adds gravitational loads, and simulate the elasticity of the rotor, 

drivetrain, and support structure. Coupling between all models is achieved through a modular interface 

and coupler. (Jonkman,2005). The aerodynamic forces on the structure as a function of the relative wind 

speed: (Muliawan et al., 2011) 

2 2

H a T rel rel

1
T (t) . . .R .C (U (t)).U (t)

2
   (8) 

where R  is the radius of the rotor,
TC is a thrust coefficient as a function of

relU (t) is the relative

velocity between the rotor hub and the wind at time t . Aerodynamic force at the tower is simplified as 

a lumped force and moment which act at the centre of the resulting wind load of the Spar. The lumped 

force is given as: 

*

2

H a D rel(z )

1
F (t) . . .C .A.U (t)

2
  (9) 

where 
DC is a drag coefficient at the Spar surface,  *rel(z )

U t , the relative velocity between the tower

and the wind measured at elevation 
*

z at time t , A the Spar's tower projected area above mean water 

level. 
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3.2.3  Mooring System Properties 

For securing the platform, the OC4-DeepCwind semi-submersible is moored with three catenary lines 

spread symmetrically about the platform Z-axis. The fairleads are located at the top of the base columns 

at a depth of 14.0 m below the SWL and at a radius of 40.87 m from the platform centreline. The anchors 

(fixed to the inertia frame) are located at a water depth of 200 m below the SWL and at a radius of 837.6 

m from the platform centerline. The two remaining lines are distributed uniformly around the platform, 

such that each line, fairlead and anchor, is 120º apart when looking from above. 

4. Results and Discussions

The objective of this combined study is to investigate and compare the effects of the addition of 3, 6, 

and 9 point absorbers on a Semi-submersible type FWT under operational condition of wind turbine. 

Regular wave with a significant wave height of 3 m are used to represent the wave conditions for all 

cases. The wave period is varied from 1-30 s in the case of the hydrodynamic analysis. Time domain 

simulation is conducted for regular wave of 1s wave period to understand the motion behaviour and the 

forces and moments developed under the action of waves. Only first-order wave forces and a steady 

wind force of 12 m/s are considered as external forces for the simulations for water depth of 200 m. 

4.1  Hydrodynamic Analysis of Floating Platform 

The effect of the addition of the point absorbers on the DeepCWind’s motion in ‘waves only’ is 

determined by comparing the motion amplitudes for four different cases such as (i) DeepCWind alone, 

(ii) DeepCWind with 3 point absorbers, (iii) DeepCWind with 6 point absorbers and (iv) DeepCWind

with 9 point absorbers.

(a)

0 1 2 3 4 5 6 7

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

R
A

O
 (

S
U

R
G

E
)

WAVE FREQUENCY (rad/s)

 DCW alone

 DCW+3 PA

 DCW + 6 PA

 DCW +9 PA

0 deg wave heading

(b) 

0 1 2 3 4 5 6 7

-0.0005

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

0.0030

0.0035

R
A

O
 (

S
W

A
Y

)

WAVE FREQUENCY (rad/s)

 DCW alone

 DCW+3 PA

 DCW + 6 PA

 DCW +9 PA

0 deg wave heading

(c)

0 1 2 3 4 5 6 7

0.00

0.01

0.02

0.03

0.04

0.05

0.06

R
A

O
 (

H
E

A
V

E
)

WAVE FREQUENCY (rad/s)

 DCW alone

 DCW+3 PA

 DCW + 6 PA

 DCW +9 PA

0 deg wave heading

Figure 4: Comparison of the RAO’s against the wave frequency for the different configuration of the 

point absorbers in the platform’s motion of a) Surge, b) Sway, c) Pitch for 0° wave heading 
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The magnitude of the motion of the platforms in the surge, sway and heave direction in terms of RAOs 

as a function of wave frequency is shown in Figure 4-2 a, b, c, d, e,f  for incident waves propagating at 

angles 0°, 30°, 45° and 60° to the positive X-axis.  

Response amplitude operators (RAOs) are conventionally the frequency response functions, which are 

simply the ratio of the output to a given input. In our case, the RAOs are used to assess the frequency-

domain linear wave-body motion of the floating platform. From the Fig 4-a, Fig 4-b, Fig 6-a, Fig 6-b, 

Fig 7-a and Fig 7-b we can observe that RAOs of the platform, along the surge and sway direction, is 

less when the platform is combined with 6- and 9-point absorbers while it is more when the platform is 

alone or combined with 3-point absorbers for 0°, 30°, 45° & 60° wave headings. 
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Figure 5: Comparison of the RAO’s against the wave frequency for the different configuration of the 

point absorbers in the platform’s motion of a) Surge, b) Sway, c) Pitch for 30° wave heading. 
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Figure 6: Comparison of the RAO’s against the wave frequency for the different configuration of the 

point absorbers in the platform's motion of a) Surge, b) Sway, c) Pitch for 45° wave heading. 

From Fig 5-a and Fig 5-b, we can observe that for wave frequencies less than 3 rad/s, the responses are 

greater for the platform combined with 6 and 9-point absorbers but as the wave frequencies get higher, 

the responses of the platform alone or combined with 3-point absorbers become much higher. In case 

of heave motion, from Fig 4-c, we can see that the RAOs along the heave direction is more when the 

platform is alone or combined with 9-point absorbers for 0° wave heading. In all the other cases of wave 

heading, 30°, 45° & 60°, from Fig 5-c, Fig 6-c and Fig 7-c, we can observe that the responses are greater 

when the platform is combined with the point absorbers and less when the platform is alone.  
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Figure 7: Comparison of the RAO’s against the wave frequency for the different configuration of the 

point absorbers in the platform's motion of a) Surge, b) Sway, c) Pitch for 60° wave heading. 
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The reason for such results can be because the addition of the point absorbers increases the platform 

mass and inertia in the surge and sway direction. In heave mode, the motions are usually more 

significant with the addition of the point absorbers. This is because the addition of the point absorbers 

adds wave forces on the platform structure through their connection. In heave mode, the Point absorbers 

will move following the water level, and it will carry the platform. This behaviour occurs because the 

platform has a small heave stiffness, and the point absorbers are exposed to large wave forces. Studies 

(Muliawan et al. 2011) show that the heave amplitude motion for both bodies will depend on the set 

PTO parameter that connects the two bodies to absorb the wave power. Since we are designing the 

entire structure as a rigid structure, hence they move together. 

4.2   Coupled Dynamic Analysis 

The effect of the addition of the point absorbers on DeepCWind’s motion and wind power production 

are investigated when both wind and wave forces act on the structure for (i) DeepCWind alone, (ii) 

DeepCWind with 3 point absorbers, (iii) DeepCWind with 6 point absorbers and (iv) DeepCWind with 

9 point absorbers. The time series data of the acceleration, forces, bending moment and power 

production for the different configurations is analysed to understand the effect of WECs on the FWT. 

The significant wave height is kept constant at 3 m. The wind velocity is also constant at 12 m/s which 

is the rated wind speed of the 5 MW wind turbine. The Wave period is constant at 1 s.  
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Figure 8: Time series data of the Platform acceleration in the direction of a) surge, b) sway, c) heave 
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Figure 9: Time series data of the tower base a) fore-aft shear force, b) side-to-side shear force, c) axial 

force. 

From the comparisons of the Fig 8-b and Fig 8-c, we can observe that the addition of the point absorbers 

reduces the platform sway and heave acceleration. Also, from Fig 9-b, we can observe that the tower 

base side-to-side shear force is least for the platform with 9-point absorbers. From the Fig 8-a, Fig 10-

b and Fig 10(c), we can see the addition of the point absorbers insignificantly affects the platform surge 

acceleration, tower base pitch and tower base yaw. However, the tower base fore-aft shear force and 

axial forces increase with the addition of the point absorbers as observed from Fig 9-a and Fig 9-c.  
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Figure 10: Time series data of the tower base a) roll moment, b) pitch moment, c) yaw moment 

From Fig 11-a, we can also observe that the platform yaw is reduced because of the addition of the point 

absorbers. This occurs because of the additional damping and stiffness of the WEC system at the mean 

water level. As a consequence of more stable yaw motion, the wind turbine in the combined concept 

will get much better exposure to the incoming wind, therefore experience higher aerodynamic load to 

be converted become electrical power. 
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Figure 11: Time series of the (a) platform yaw and (b) power production of the wind turbine under the 

different configuration of the point absorbers 
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Figure 12: Tension at fairlead at (a) Mooring line 1, (b) Mooring line 2 and (c) Mooring line 3 

From Fig 11-b, comparisons of the power obtained for the rated wind speed; we can see that there is no 

significant difference for different configuration of the point absorber. So, we can conclude that the 

addition of the point absorbers does not cause any negative impact on the amount of wind produced by 

the wind turbine. The effect of the addition of point absorbers on the mooring line tension under 

operational conditions is investigated. The mooring tension in the three catenary mooring lines for the 

different configuration is compared, and a time-series graph is plotted. From Fig 12-a and Fig 12-c, we 

can see that the addition of the point absorbers to the DeepCWind reduces the mooring tension on the 

mooring lines 1 & 3. This reduction is maximum in the case of the platform with 9-point absorbers. 

This can be described from the fact that the platform surge and sway have reduced due to the addition 

of the point absorbers and hence resulted in less tension on the mooring lines. From Fig 12-b, we can 

observe that the addition of the point absorbers does not affect the tension on the mooring line 2 

significantly.  However, further mooring analyses need to be performed to compare the mooring 

dimensions needed to survive during extreme conditions for the combined concept.  

5. Conclusion

In our present study, a combined concept involving the synergy of a Semi-submersible-type FWT and 

a Point Absorber-type WEC has been introduced. This combined concept is considered to bring stability 

to the Semi-submersible-type FWT and hence give it more exposure for better wind production. The 

combined concept has been modelled as a rigid body in RHINO, and analyzed in hydrodynamic loading 

in WAMIT in the frequency domain and coupled hydrodynamic and aerodynamic loading in the time 

domain to study the motions, forces, bending moments power production and mooring load of the 

combined concept under operational conditions. The dimensions and parameters of the DeepCWind are 

directly adopted from the publicly available NREL manual. For wave frequencies more than 3 rad/s, 

the RAOs along the surge and sway direction are less when the platform is combined with 6- and 9-

point absorbers while it is more when the platform is alone or combined with 3-point absorbers. Hence, 

the combined platform with six- and nine-point absorbers have more stability in the surge and sway 

direction as compared to the platform alone. In heave mode, the motions are usually more significant 

with the point absorbers. This is because the addition of the point absorbers adds wave forces on the 

platform structure through their connection. We can have the stiffness of the platform increased in the 

heave direction to dampen the amplitude. The study concludes that the addition of the point absorbers 

reduces the platform sway, heave acceleration and tower base roll. Also, the addition of the point 

absorbers insignificantly affects the platform surge acceleration, tower base yaw and tower base pitch. 

However, the tower base fore-aft shear forces, side-to-side shear forces and axial forces increase with 

the addition of the point absorbers. From the comparisons of the power obtained for the rated wind 

speed it is observed that there is no significant difference for different configuration of the point 

absorber. So, we can conclude that the addition of the point absorbers does not cause any negative 

impact on the amount of wind produced by the wind turbine. The time-series data of the mooring tension 

of the mooring lines show that addition of the point absorbers to the DeepCWind reduces the tension 
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on the mooring lines 1 & 3 and does not affect the tension on the mooring line 2 significantly. This 

reduction is maximum in the case of the platform with 9-point absorbers. This reduction can be 

attributed to the the platform surge and sway have reduced due to the addition of the point absorbers 

and hence resulted in less tension on the mooring lines. 
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Abstract 

A dam serves multipurpose objectives like water supply, flood control, electricity generation, fishing, irrigation, 

and other requirements. Proper maintenance of a dam is a must, else the failure of which causes an aftermath 

which involves a sudden and uncontrolled release of water which is impounded. Due to which several dams in 

India accounting for more than 200 have failed, this being a reason causes importance for the focus on dam 

breaking analysis which includes break parameter prediction, understanding of dam break mechanics, and peak 

outflow prediction. In this study, an attempt is made to apply HEC-RAS to analyze the dam break analysis and to 

develop an inundation map, which forms an essential mechanism for the re-habitation process, helps to protect 

the loss of life and property before its failure. The Hydrologic Engineering Center’s River Analysis System (HEC-

RAS), RAS Mapper, and the ARC-GIS software are used to develop the dam break model. RAS Mapper is used 

to get the geometrical information about the study area and HEC-RAS is adopted to study the unsteady flow 

simulation, which uses the input data like boundary conditions, normal depth, breach parameter, and side slope. 

The inundation map which is obtained depicts the affected flood areas at the downstream and is taken as a 

preliminary assessment of flood hazard. In this study, the dam break analysis is confirmed after comparing 

different formulas proposed by authors and finally, a flood hydrograph at the downstream, velocity and rating 

curve at critical points on the downstream for Nagarjuna Sagar dam are readout and documented. 

Keywords: Dam Break Analysis, HEC-RAS, HEC-RAS Mapper, ARC-GIS, Inundation map 

1. Introduction

The National Inventory of Dam (NID) has listed more than 5300 medium & large reservoirs that are 

present in India. A major dam is the one whose height when measured from the lowest portion of the 

general foundation area to the crest is 15m, the crest of the dam longer than 500m, the capacity of the 

reservoir is more than 1,00,000 m3, and flood discharge of more than 2000 m3/s. The dam break, if at 

any case happens releases the energy which is stored behind it and causes a sudden impounding of water 

in the downstream side which leads to the loss of life, the damage to the environment and also the loss 

of property (Shah and Kumar 2008). Generally, when a dam break occurs head cut erosion starts from 

the downstream side of the embankment and when it reaches to upstream side of embankment the dam 

embankment will start fail (Joshi and S.S 2017). 

Assessment of Climate Change over the Indian Region report prepared by the Union Ministry of Earth 

Sciences (MoES), states that there was an increase of India’s temperature by 0.7 degree Celsius between 

1901-2018, and by the end of 2100 it is expected that temperature increase would be about 4.4 degree 

Celsius. Which causes an effect on the increase in precipitation, flood, escalates the damage to 

infrastructure, and several other related issues. Based upon this climate-changing scenario it can be 

expected that uncertainty inflow is introduced within the life period of dams. Many dams which are 

considered as safe earlier, due to climate change have recorded a maximum flow which is observed 

near the dam, which causes the overtopping failure during a high flood event. For proper mitigation of 
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dam break event an early warning which is based on the population present downstream at the time of 

dam break event, the magnitude of warning time, water depth, and velocity are important for the 

implementation of an Emergency Action Plan (EAP). 

The Hydrologic Engineering Center (HEC) in its study article listed out 13 main causes of failure which 

are as follows: i. Earthquake, ii. Landslides, iii. Extreme storm, iv. Piping, v. Poor maintenance, vi. 

Structure damage, vii. Foundation failure, viii. Sabotage, ix. Overtopping, x. Tension, xi. Over-turning, 

xii. Compression or crushing/Cracking, xiii. Erosion of upstream and downstream. The large amount

of water that flows downstream with high-speed travel along the downstream valley and creates a high

flood wave which is well enough to destroy the developed regions like infrastructure, highways, roads,

railways, and bridges. When warning and essential evacuation are not done then it results in a more

traumatic disaster. A dam break analysis has to be pre-studied to prevent the failures as the risk can

never be mitigated and to prepare an EAP for the downstream reach of the dam (Xiong 2011).

2. Literature Review

To understand the dam break analysis the researchers and experts carried out a series of studies, which 

helps in finding the research gaps, critical thinking and to find limitation and advantages of the topic. 

Xiong (2011) defined the dam break in the aspects of theories and models. peak outflow prediction, 

Break parameters prediction, and the understanding of dam break mechanics is publicized as important 

parameters for the dam break analysis, and finally determined the loss of life, loss of the damages.  

Balogun and Ganiyu (2017) here discussed the unsteady flow simulation is executed using geometric 

data obtained from Digital Terrain Model (DTM) with a 100-year, 24 hr. flow event. This paper 

describes how a flood wave formed as a result of a hypothetical dam break promulgates and decreases 

along the Asa River valley from the Asa dam axis to about 12 km downstream of the river. 

Kulkarni and Jagtap (2017) tried their hands-on empirical equations for calculating the breach 

parameters like width, height, and top width and adopted HEC-RAS to model the Pawana dam and 

Pawana river. The results indicated the maximum discharge and elevation concerning the section which 

is selected at the downstream end. 

Balaji and Kumar (2018) used HEC-RAS to simulate unsteady flow in the Kalyani dam and outcomes 

were plotted in terms of water level in the river and floodplains. The area of water spread, depth of 

water along with probable maximum flood and travel time are used to plot overflow succession. 

Nugusa Duressa (2018) conducted a case study of dam break analysis for Fincha’a dam and for the 

calculation of breach parameter Von Thun and Gillette Regression equations were selected which are 

given as an input for HEC-RAS model. 

From the above research works it can be concluded that there were not enough standard considerations 

for the studies related to dam break analysis, lack of sensitivity analysis of breach parameters, 

inadequacy in the presentation of flood inundation maps, and lack of representation of time required by 

peak discharge to reach downstream. 

3. Methodology

This study involves the analysis of dam break for Nagarjuna Sagar dam using HEC-RAS. For the dam 

break analysis, geometric data and flow data are essential. Geometric data can be established using 

HEC-RAS and HEC-RAS Mapper software. Flow data includes the collection of Probable Maximum 
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Flood (PMF) from dam authority and is used as lateral flow to the Nagarjuna Sagar Reservoir (Sirisena 

et al. 2016). HEC-RAS 2D model software to use for defining discharge, inundation area, and flood 

wave velocity in 2D. A methodology to carry out the dam break analysis is as shown in Figure 1. 

 
 

   Figure 1. Methodology to carryout Dam Break Analysis. 

3.1 HEC-RAS 

HEC-RAS (Hydraulic Engineering Center’s River Analysis System), free open-source software is 

developed by the Hydrologic Engineering Center of the U.S. Army Corps of Engineering. It is free and 

a integrated system of software program, deliberate for collaborative and multitasking use. The system 

is comprising of a graphical user interface (GUI), discrete analysis mechanisms, graphics, data storage, 

and managing capabilities, and reporting facilities. The HEC-RAS Structure comprises four 

components namely i. Unsteady flow simulation, ii. Movable boundary sediment transport computation 

and water quality analysis, iii. One dimensional river analysis module, and iv. Steady flow water surface 

calculations. A significant portion is that all four components use a common hydraulic computation 

routine and geometric data representation. Here the key objective of the HEC-RAS Model is to calculate 

flood hydrograph at all critical locations, flood wave velocity, and rating curve by simulating the model 

by providing probable maximum flood hydrographs (PMF) through the HEC-RAS system software 

(unsteady flow simulation). The developed model is used to analyze both piping and overtopping failure 
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breaches for the embankment of a dam, overtopping failure is only considered in the present study. The 

data required for these calculations are separated into the following categories: geometric data and 

unsteady flow data. Two-Dimension(2D) Unsteady flow analysis is done to get the flood wave velocity, 

flood hydrograph at critical points of the downstream site of Nagarjuna Sagar Dam, and inundation map 

is developed by using Arc-GIS (Nugusa Duressa 2018). 

3.2 Breach Parameters 

Breach parameters consist of breach depth, breach width, side slopes, and breach time. To calculate the 

dam breach parameters there are many concepts which are proposed by various authors namely 

Froehlich (2008), Sachin (2018), Bureau of Reclamation (1988), FERC (1987), Singh, and Snorrason 

(1984), MacDonald and Langridge-Monopolis (1984). Of these various proposed equations ( Froehlich 

2008), (Singh and Snorrason 1984), (Bureau of Reclamation 1988), and (FERC 1987) were adopted in 

this study to analyze the dam break analysis. 

4. Study Area

Nagarjuna Sagar Dam was constructed across the Krishna River. the river shares border between the 

Nalgonda district of Telangana state and the Guntur district of Andhra Pradesh state in India. 

Constructed between 1955 and 1967, the dam created a water reservoir with a gross storage capacity of 

11.56 billion cubic meters. The dam is 180 m tall from its deepest foundation and 1.6 km long with 26 

flood gates which are 13.71 m wide and 13.41 m tall.  It is mutually functioned by Andhra Pradesh and 

Telangana. Nagarjuna Sagar Dam was the initial in a sequence of huge infrastructure developments 

termed as "modern temples" started for accomplishing the Green Revolution in India. Initially it is also 

one of the multi-purpose irrigation and hydroelectric projects in India. The dam provides irrigation 

water to the West Godavari, Nalgonda, Guntur, Suryapet, Khammam, Prakasam and Krishna districts 

along with electricity power generation. Some dam details are shown below table 1, and figure 2 shows 

the study area map (CWC 2009). 

Figure 2. Map of Study Area 
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Table 1. Details of Nagarjuna Sagar Dam 

Name of The Dam NAGARJUNA SAGAR DAM 

State Andhra Pradesh, Telangana 

District Guntur, Nalgonda 
River Krishna 

Latitude & Longitude 16°34′32″N 79°18′42″E 
Height of Dam 124.663 Mts. 

Maximum Height of Earth Dam 128 Mts. 

Gross Capacity 11560069.45*103 m3 /408.240 TMC 

Dead Storage Elevation 121.92 Mts. 

Full Reservoir Elevation 179.832 Mts. 

Average river bed level  74.676 Mts. 

Top of Dam 184.404 Mts. 

Maximum water level 181.051 Mts. 

Maximum observed flood occurred on 

(03/08/2009) 

42476 m3/s 

5. Results and Discussion

Dam break analysis for a 2D unsteady flow simulation is carried out using HEC-RAS and RAS-Mapper 

and is applied to Nagarjuna Sagar dam, which uses the maximum probable flood hydrograph for the 

lateral inflow of the reservoir. The normal depth of 0.05 is used as a downstream boundary condition 

for the flow area which can be calculated by using Manning’s equation.  

The most critical condition for a dam-break model is when the reservoir is full and when the most severe 

flood strikes the reservoir. As mentioned above the maximum spillway capacity of Nagarjuna Sagar 

Dam is 42476 m3/s, so the spillway can safely discharge PMF up to this value without overtopping the 

dam crest, given a condition that proper timing of gate opening. Here it is assumed that there is no 

proper timely opening of the gate at the time of occurrence of PMF, so that dam is overtopped due to 

PMF and fails due to breaching. The dam is of earthen type for which breach width and breach formation 

time is calculated by using equations which are proposed by various authors. Five critical station points 

were selected at a distance of 0.5 km, 15.1 km, 30.2 km, 52.8 km, and 80.4 km from the downstream of 

the dam site since these stations include urban area, rural area, industrial area, and irrigation area. 

5.1 Comparison of breach parameters 

Breach geometry data is obtained by using different authors equations which are listed below the table 

2. 

Table 2. Breach Geometry data by using different Author’s equations 

Method Equations Bavg (m) tf (hrs) 

Froehlich (2008) Breach width 𝐵avg= 0.27(ko)(𝑉w)0.333 

(overtopping, 𝑘o = 1.3 & piping, 𝑘o = 1.0) 

Failure time 𝑡f = 0.0176√
𝑉𝑤

(𝑔𝐻𝑏
2)

 

787.5 4.84 

Bureau of 

Reclamation (1988) 

Breach width 𝐵avg = 3ℎ w   

Failure time 𝑡f = 0.011(𝐵𝑎𝑣𝑔) 

315.5 3.47 

FERC (1987) Bavg is normally 2-4 times hd  

tf = 0.1-1 hours [compacted earth dam] 

tf= 0.1-0.5 hours [poorly compacted earth dam] 

496 1 
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Singh and 

Snorrason (1984) 

2hd ≤ Bavg ≤ 5hd 

 0.25 ≤ tf (hr) ≤ 1.0 

620 1 

Where, Bavg = average breach width (m), tf = breach formation time (hr.), hd =124m (dam height (m)), 

hw =105.156m (height of water), ko = constant, vw =1.156x1010 m3 (reservoir volume (m3)), g = 

acceleration due to gravity (m/s2) and hb =124.663 m (breach height (m)). 

5.2 Analysis of flood at different downstream station 

The maximum flood observed on 03/08/2009 is 42476 m3/s which is considered as PMF. Here the 

maximum discharge is observed as 691804 m3/s which is 16.28 times of the PMF by adopting the 

conditions such as breach width is of 787.5 m and formation time is of 4.84 hr at 0.5 km downstream. 

Likewise, at 15.1 km 399566 m3/s is observed which is of 9.4 times of PMF. At 30.2 km 173164 m3/s 

which is of 4.07 times of PMF. At 52.8 km the maximum flood is observed as 157884 m3/s which is of 

3.71 times of PMF and at 80.4 km it is observed as 196593 m3/s which is of 4.62 times of PMF. The 

initial flow of water will reach a distance of 0.5 km after 1.5 hr. of the dam break, 15.1 km, 30.2 km, 

52.8 km, and 80.4 km after 3 hr., 5.5hr, 9 hr. and 13.5 hr. respectively.  From this, it can be concluded 

that the 0.5 km section is the most critical as it gets peak value of discharge is attained at a less lag time. 

Likewise, simulation is carried out for different authors' formulas which are tabulated in table 3, and 

results are represented in graphs fig 3, fig 4, fig 5, and fig 6.  

Figure 3. Development of Hydrograph at different station according to Froehlich    Figure 4. Development of Hydrograph at different station according to Bureau of Reclamation 

   Figure 5. Development of Hydrograph at different station according to FERC    Figure 6. Development of Hydrograph at different station according to Singh and Snorrason  

775



5.3 Analysis of Rating curve at different downstream station 

A rating curve is a graph of discharge versus stage for a given point on a stream or river. Development 

of rating curve is very important because it creates a relation between stage and corresponding discharge 

in the river and by using this curve one can measure stage with given discharger or one can measure 

discharge with the given stage. According to (Froehlich 2008) maximum discharge which is measured 

at 0.5 km is 691804 m3/s and stage of 143.391 m, likewise, at 15.1 km, 30.2 km, 52.8 km, and 80.4 km 

measured stages are 120.89 m, 111.921 m, 101.237 m and 72.346 m respectively. Similarly, simulation 

is carried out by adopting formulas given by different authors which are tabulated in table 3, and results 

are represented in graphs fig 7, fig 8, fig 9, and fig 10. 

   Figure 7. Variation of Rating curve at different section according to Froehlich    Figure 8. Variation of Rating curve at different section according to Bureau of Reclamation

  Figure 9. Variation of Rating curve at different section according to FERC    Figure 10. Variation of Rating curve at different section according to Singh and Snorrason

5.3 Analysis of velocity at different downstream station 

The maximum velocity is of 13.908 m/s is occurred at 0.5 km cross-section. The velocity of 9.494 m/s 

is recorded at 15.1 km, the velocity of 6.825 m/s is observed at 30.2 km, 5.093 m/s at 52.8 km, and 

8.397 m/s at 80.4 km. Likewise, simulation is carried out for different authors' formulas which are 

tabulated in table 3, and results are represented in graphs fig 11, fig 12, fig 13, and fig 14. 

776



Figure 11. Variation of velocity at different section according to Froehlich    Figure 12. Variation of velocity at different section according to Bureau of Reclamation

  Figure 13. Variation of velocity at different section according to FERC    Figure 14 Variation of velocity at different section according to Singh and Snorrason 

Table 3.  Summary table using different Authors equations 

Authors Cross-

section 

(km) 

Peak 

flow/ 

Maximum 

discharge 

(m3/s) 

Flow 

starts time 

(hr) 

Peak Flow 

Reach time 

(hr) 

Stage (m) Velocity 

(m/s) 

Froehlich (2008) 0.5 691804 1.5 38 143.39 13.90 

15.1 399566 3 38.5 120.89 9.49 

30.2 173164 5.5 39.5 111.92 6.82 

52.8 157884 9 41 101.23 5.09 

80.4 196593 13.5 43.5 72.34 8.39 

0.5 661860 1.5 38.5 142.94 13.41 

15.1 397934 3.5 39 120.15 9.63 
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Bureau of 

Reclamation 

(1988) 

30.2 171636 6 39.5 111.07 6.84 

52.8 155078 9 41.5 100.5 4.80 

80.4 192115 14 44 71.93 8.27 

FERC (1987) 0.5 670332 1.5 38.5 143.04 13.58 

15.1 397481 3.5 39 120.33 9.56 

30.2 171767 6 39.5 111.31 6.82 

52.8 155757 9 41 100.85 4.84 

80.4 201792 14 43.5 71.97 8.31 

Singh & 

Snorrason (1984) 

0.5 677647 1 38.5 143.2 13.70 

15.1 397880 3.5 39 120.52 9.52 

30.2 172165 6 39.5 111.54 6.81 

52.8 156479 9 41 100.72 4.98 

80.4 194705 14 44 72.18 8.34 

6. Inundation map

An Inundation map displays flooding that might result from a theoretical failure of a dam or its 

dangerous appurtenant structure. Inundation maps can be used for various mitigation measures such as 

i) to help communities living downstream of the dam. ii) Flood inundation maps provide real-time

streamflow data, flood forecasts, and potential loss estimates. iii) to approve emergency action plans.

The inundation map at downstream of Nagarjuna Sagar dam is as shown in fig 15.

Figure 15. Map of Inundated Area 
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7. Conclusions

In this study, Dam break analysis and simulation is done by HEC-RAS model, and the various inputs 

like standard probable maximum flood hydrograph is used as lateral inflow, normal depth is used for 

downstream boundary condition and river cross-section is exported from DEM. The highest discharge 

is recorded as 691804 m3/s and maximum velocity of 13.90 m/s, which is recorded for a breach width 

of 787.5 m and failure time is observed as 4.84 hr. The inundation map which is developed by using 

Arc-GIS gives an idea about extended area of flooding, thereby helps dam authority to give sufficient 

warnings to the downstream side inhabitants regarding flood and in planning a EAP (emergency action 

plan) to mitigate downstream side inhabitants. 
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Abstract 

Groundwater is continuously getting polluted due to the increasing agricultural activities, rapid growth of 

urbanization, industrialization, and saline water intrusion not only in India but also worldwide. Detecting and 

evaluating the effects on groundwater pollution by human activities and natural impact are keys to finding the 

hydrochemical backgrounds, which essentially support the mass transport modeling. Thus this article 

emphasizes the cumulative probability distribution of analytical hydrochemical data collected from a part of 

Krishna delta, Andhra Pradesh, to estimate the backgrounds on groundwater chemistry and quantified its 

abnormality. Results show one threshold value, which indicating mainly two processes, are involved in the 

groundwater pollution in this coastal area. The background ranges of EC, Na+, K+, Ca2+, Mg2+, Cl-, HCO3
-, 

CO3
-, SO4

2-, NO3
- and F- are determined from 652 to 2000 µS/cm, 31 to 95, 2 to 15, 26 to 119, 10 to 56, 52 to 

260, 108 to 296, 12 to 40, 3 to 60, 0.9 to 40.0, and 0.12 to 0.20 mg/l, respectively. Whereas first threshold 

values of TDS, Ca2+, Mg2+, Na+ and K+ ions are estimated about 906, 182, 60, 160, and 5 mg/l, respectively. 

With the help of the threshold values, the pollutant spreads have been demarcated along with the backgrounds 

of the hydrochemical constituents. This information helps to demarcate the occurrence of seawater intrusion, 

and assign backgrounds for the mass transport modeling, which will support for sustainable management of 

groundwater resources in this coastal area. 

Keywords: Groundwater pollution, Major ions, Probability distribution, Hydrochemical background, Coastal 

Aquifer, Krishna delta 

1. Introduction

Groundwaters from aquifers that are part of the active water cycle have been influenced for decades 

by human activities. Water changes chemistry from the moment water enters the system through 

rainfall infiltration, river water, later flow or other sources, until it leaves through runoff, evaporation 

or withdrawal (Vázquez-Suñé et al. 2005). Consequently, superficial aquifers rarely reflect true 

natural concentration levels, whereas deep aquifers can be free from anthropogenic impacts (Müller et 

al. 2006). Groundwater status in highly urbanized and irrigation/farm areas is especially imposed by 

anthropogenic influence due to diffuse pollution from agricultural practices and wastewaters (Appelo 

and Postma 1994; Mondal and Singh 2010; Rahman et al. 2020a). This makes it difficult to determine 

whether the observed groundwater condition reflects a natural chemical status or not (Wendland et al. 

2005).  

As we know that groundwater pollution refers to the phenomenon of progressive deterioration in 

water quality under the influence of human activities (Mondal and Singh 2011; Li et al. 2016). 

However, in addition to human activities, natural factors can also contribute to changes in 

groundwater quality (Guo et al. 2015; Singh et al. 2009; Mondal et al. 2010, 2011, 2013, 2016, 

Mondal and Singh 2011, Prabhakar et al. 2017; Mondal et al. 2018). This complicates the ability to 

determine the background state of groundwater quality in the presence of large-scale human activities 

(Peng et al. 2018). The results of water quality evaluations often include natural factors that may bias 

the evaluation results and are not necessarily useful in defining effective measures for groundwater 

pollution prevention. Although the concerns and studies on groundwater pollution began long ago 

(Nakanishi 1920; Welsch and Lieber 1955), research into anthropogenic influences on groundwater 

developed overall around the early 1990s (Zhang et al. 1992).  
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But the background of hydrochemical parameters is defined as the “range of concentrations of 

examined substances or range of values of hydrochemical parameters characteristic for the 

investigated domain, unit or fragment of a hydrogeological unit of homogeneous hydrogeochemistry 

(Dowgiałło et al. 2002). Identification of the hydrogeochemical background cannot be fully objective 

as the results depend strongly on the amount of collected data, their verification, and the method used 

for background assessment. Research articles by Matschullat et al. (2000), Reimann and Garret 

(2005), Gałuszka and Migaszewski (2011), Szczucinska (2017), Peng et al. (2018), Mondal 2020b, 

Rahman et al., 2020, 2021, and others broadly discuss the issue of identification of hydrogeochemical 

backgrounds in the environmental studies. 

There are several approaches utilized to derive natural background levels (Matschullat et al. 2000). 

Some parametric approaches use the statistics via a normal or log-normal distribution (Reimann and 

Filzmoser 2000) and mode analysis (Carral et al. 1995) from the normal data distribution. Other 

statistical methods, such as the Component Separation (CS) method (Wendland et al. 2005), relative 

cumulative frequency analysis (Bauer and Bor 1995) or the Pre-Selection (PS) approach (Müller et al. 

2006) are also available. Of course, it was suggested the use of PS or CS approaches based on the 

knowledge about geochemical processes and the abundance of monitoring data (Müller et al. 2006, 

Caro et al. 2017).  Thus, the main objectives of this research paper are to (1) undertake a 

hydrochemical analysis for assessing groundwater quality in a part of Krishna delta, and (2) 

reconnoiter its background level using the log-probability distribution for demarcating the occurrence 

of pollutant and supporting background level for preparation of the pollutant migration model in 

future. 

2. Study area

The study area is about 50 km2, in a Channel Island of Krishna delta, Southern India (Figure 1), 

mostly covered with deltaic soil. This deltaic soil is covered with alluvium, clay, slit, sand, etc. This 

Channel Island consists of a bar and is also stabilized with vegetation growth in the course of a 

Krishna river (Marth et al. 2018). The western side of this area is an upper deltaic plain (Mondal 

2018), with an elevation of about 13.0 m above mean sea level (amsl). The quaternary formation in 

the deltaic area is comprised of clay, silt, and sand. The channel deposits of this area are of fine 

medium quartz sand (Saxena et al. 2003; Mondal et al. 2008). Most of its water comes from 

precipitation; however, a canal is also available, which is connected to the Krishna river. The average 

annual rainfall of this region is about 1011 mm, and the rains come from the southwest monsoon, 

usually in June-October, and some rains also occur during the month of February. The rainfall was 

about 581.0 mm in September, preceded 407.2 mm rainfall in July, and followed by rainfall of 421.8 

mm during the groundwater sampling period. 

3. Methodology

3.1 Sampling and analysis 

In total, 22 water samples were collected from the selective hand pump (depth range: 6.1-41.1 m) and 

bore (depth: 20.0 m) wells, which are distributed throughout the area (Figure 1). Methods of 

collection and analysis of the collected samples were followed are essentially the same as given by 

APHA (1985), simultaneously the hydrophysical parameters, such the electrical conductivity (EC) 

and pH were measured in-situ using portable kits like conductivity and pH-meters. The samples were 

collected in 1-l capacity polythene containers from 0.5 m below the water table. Before collection, the 

containers were thoroughly washed with diluted HNO3 acid, and then with distilled water in the 

laboratory before filling containers with the samples. Each container was rinsed to avoid any possible 

contamination. Every other precautionary measure was taken. Total hardness as CaCO3, Calcium 

(Ca2+), Bicarbonate (HCO3
-), and Chloride (Cl-) were analyzed by volumetric methods. Magnesium 

(Mg2+) was calculated from TH and Ca2+ contents. Sodium (Na+), Potassium (K+) were determined by 

atomic absorption spectrophotometer (AAS). Sulphate (SO4
2-) and Nitrate (NO3

-) were determined by 

spectrophotometer technique. Fluoride (F-) was determined by a fluoride ion meter. All concentrations 
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are expressed in milligram per liter (mg/l), except pH and EC. The analytical precision for the 

measurements of cations and anions, indicated by the ionic balance error (IBE), was computed by ions 

expressed in meq/l. The value of IBE was observed to be within a limit of ±5% (Mandel and Shiftan 

1980). The precise locations of these sampling points were also determined in the field through the 

development of the GARMIN 12 Channel Instrument, based on the principles of Global Positioning 

System (GPS), and the exact longitudes and latitudes of sampling points. The locations of sampling 

points are shown in Figure 1. 

in a part of Krishna delta along with the sampling pointsthe study areaLocation map of Figure 1
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3.2 Probability distribution 

A wide variety of natural processes culminate in a complicated hydrochemistry of aquifer systems, 

but this can still be reflected in a set of analytical data. The probability distributions are considered to 

be of great importance in dealing with the analytical data (Sinclair 1974). In order to discriminate the 

anomalous population whose chemistry was affected locally by salinization and/or anthropogenic 

pollution from a background population, cumulative probability distributions of hydrochemical 

parameters were constructed. In particular, probability density functions of ionic concentrations were 

examined in order to group collected samples on the basis of the pollutions. If a chosen groundwater 

quality parameter was affected by a single process, the probability distribution of its concentration 

formed a uni-modal normal or log-normal distribution (Tennant and White 1959). The cumulative 

probability distribution was then linear. If the plots of a groundwater quality parameter did not form a 

linear distribution, the parameter was considered to be affected by more than one population 

(process). For such a case, each population was differentiated by the intersection points of two 

neighboring linear populations (Lepeltier 1969). Thus the log-probability plots were adapted to 

interpret hydrochemical levels of individual parameters and discussed in this paper. 

4. Results and discussion

4.1 General hydrochemistry 

For identification of hydrochemical background through hydrochemical signatures, 22 water samples 

were collected from the hand pump and bore wells (depth: 6.1 to 41.1 m) in a part of Krishna delta 

and analysed. Statistical parameters, including minimum, maximum, mean, and standard deviation, of 

different constituents of analysed for the samples were estimated, as presented in Table 1. 

Comparison of hydrochemical data with the World Health Organization (WHO 1984) drinking water 

standards showed that 81% (N= 17), 67% (N=14), 29% (N= 6), 5% (N= 1), and 71% (N= 15) of the 

samples exceeded the guideline values for Total dissolved solids (TDS: 500 mg/l), Chloride (Cl-: 200 

mg/l), Sodium (Na+: 200 mg/l), Sulphate (SO4
2-: 200 mg/l), and Nitrate (NO3

-: 45 mg/l), respectively. 

The order of major cations and anions in water samples obtained were for cations: 

Mg2+˃Na+˃Ca2+˃K+ and anons: Cl-˃HCO3
-˃NO3

-˃SO4
2->CO3

-˃F-, respectively. This indicated that 

water quality had deteriorated significantly according to total dissolved solids (TDS) on this island. 

The degree of salinization in a well or a given area can be indicated by an increase in the TDS values. 

In particular, the TDS value had a wide range between 443 and 3717 mg/l (mean: 1690 mg/l). Out of 

the total 22 well stations, 81% of the well area has a TDS value of more than 500 mg/l.  The TDS 

value in the northern part and along the bank of Krishna river was within the permissible limit, but in 

the central part (village: Kishkindapalem, sample no.: 12) and the southern part (Village: Pesarlanka 

(C), sample no. 19) groundwater quality had been deteriorated. The ranges of Na+ and Cl- ions were 

from 35 to 365 mg/l (mean: 171 mg/l), and 52 to 1220 mg/l (mean: 416 mg/l), respectively. The 

maximum concentration of SO4
2- observed 305 mg/l with an average of 80 mg/l.  

The concentration of NO3
- varied from 0.9 to 287.0 mg/l (mean: 140.4 mg/l). It was within the 

permissible limit at the well nos. 1, 5, 8, 9, 17, and 18, but the maximum 287 mg/l was estimated at 

the well no. 16 located in the south-central part of the island.  About 71% of the groundwater samples 

had nitrate value more than the permissible limit for the drinking water (WHO 1984). The fluoride 

concentration was observed in the range of 0.12 to 0.45 mg/l, which is within the permissible limit. At 

the same time, most freshwaters were enriched with calcium and bicarbonate ions. Table 1 shows that 

groundwaters in the Island, compared with the average composition of worldwide groundwater, were 

enriched in Na+, Mg2+, Cl- and SO4
2- concentrations. Therefore, it is suggested that hydrochemistry in 

this area was controlled by several processes. 
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Table 1 Statistical hydrochemical parameters of groundwater samples in a part of Krishna delta, 

Andhra Pradesh in comparison with the worldwide average surface water and groundwater 

Parameters Statistical parameters Standards for 

Minimum Maximum Mean S.D. LDW SW GW 

pH 7.0 8.2 7.5 0.32 6.5-8.5 --- --- 

EC 652 5310 2450 1367 750 --- --- 

TDS 443 3417 1690 980 500 --- --- 

TH 63 515 263 133 --- --- --- 

Na+ 35 365 171 96 200 5.20 30.00 

K+ 3 40 11 9 100 1.30 3.00 

Ca++ 35 326 145 84 75 13.40 50.00 

Mg++ 10 251 94 70 30 3.40 7.00 

Cl- 52 1220 416 349 200 5.80 20.00 

SO4
-- 3 305 80 74 200 8.30 30.00 

HCO3
- 108 556 347 142 200 --- --- 

CO3
- 12 76 29 15 --- --- --- 

NO3
- 0.9 287.0 140.4 83.5 45 --- --- 

F- 0.12 0.45 0.19 0.09 1.5 --- --- 

All Ions in mg/l except EC in µS/cm at 270C, S.D.: Standard Deviation, pH: -log10H+; collected 22 water 

samples from hand pump and bore wells; PLDW: Permissible limit for drinking water (WHO, 1984); SW: 

average surface water after Meybeck (1979) and GW: average groundwater after Turekian (1977)  

4.2 Backgrounds of hydrochemical parameters 

Most of the hydrochemical parameters obtained in this area generally exhibited log-normal density 

distributions. It should be noted that Na+, Cl- and SO4
2- were significant components of the saline 

water intrusion, while NO3
- was among the best indicators of anthropogenic pollution (Handa 1988). 

However, the occurrence of an anomalous population as a ‘tail’ on the distribution suggested that 

groundwater chemistry was controlled by several intermixing processes. The frequency plots of all 

major cations and anions, including EC, NO3
- and F- data, showed a log-normal distribution but had a 

tail at high concentration ranges. This indicated that a few numbers in samples with high ionic 

concentrations could be attributed to an anomalous population whose chemistry was locally affected 

by several processes. The frequency distribution of log NO3
- data showed a good normal distribution, 

except for a few data points in the samples with higher concentrations. This means that the samples 

forming a tail on the distribution diagram can be considered due to anthropogenic contamination. 

Cumulative probability distributions of EC, Na+, Ca2+, and Mg2+ are made, and shown in Figure 2 for 

EC values and NO3
- concentrations of groundwater samples. There are two individual intersection 

points in the cumulative probability plots, which can be considered as regional threshold values and 

highly impacted threshold values for differentiating the samples with the effects of geogenic, 

anthropogenic, and saline water mixing. The first approximate regional threshold values obtained 

were 2000 µS/cm for EC (in Figure 2a), 95 mg/l for Na+, 119 mg/l for Ca2+, and 56 mg/l for Mg2+ 

(Table 2). The sample nos. 5-6, 8, 11, 12, 14, 18-20 fall on the second segment on all cumulative 

probability curves for the concentrations of EC, Na+, Ca2+, and Mg2+ in groundwater, which were 

highly affected by saline water intrusion and/ anthropogenic activities.  
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Table 2. Statistical hydrochemical parameters within backgrounds in a part of Krishna delta, Andhra 

Pradesh 

Parameters Statistical parameters of 

background values  

No. of samples fallen 

in backgrounds 

Percentage 

(%) of 

the samples 

Minimum Maximum Average 

pH 7.0 7.7 7.4 17 77 

EC 652 2000 1079 9 41 

Na+ 31 95 58 6 27 

K+ 2 15 8 19 86 

Ca++ 26 119 61 9 41 

Mg++ 10 56 27 8 36 

Cl- 52 260 114 9 41 

SO4
-- 3 60 20 9 41 

HCO3
- 108 296 193 10 45 

CO3
- 12 40 26 19 86 

NO3
- 0.9 40.0 20.9 7 32 

F- 0.12 0.20 0.16 17 77 

All ions in mg/l except EC in µS/cm at 270C, pH: -log10H+

Figure 2. Showing the cumulative probability distributions for (a) EC, and (b) NO3
- concentrations in 

a part of Krishna Delta, Andhra Pradesh 

Similarly, cumulative probability distributions of Cl-, SO4
2-, NO3

- and F- are plotted, and there are also 

two individual intersection points in the cumulative probability plots, which can be considered as 

regional threshold values and highly impacted threshold values for differentiating the samples with 

the effects of geogenic and others. The first approximate regional threshold values obtained were 260 

mg/l for Cl-, 60 mg/l for SO4
2- , 40.0 mg/l for NO3

- (in Figure 2b) and 0.20 mg/l for F- (Table 2). The 

sample having more than the threshold values in groundwater were highly affected by anthropogenic 

activities and other processes. The background value of pH in the study area was also estimated, and 

its ranges were from 7.0 to 7.7 with an average of 7.4. The background values of K+, HCO3
- and CO3

- 

ranged from 2 to 15, 108 to 296, and 12 to 40 mg/l, respectively.  
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4.3 Spatial distribution of backgrounds 

The spatial distribution of the selective pollutant along with the background level had been plotted 

individual constituent on the same plate and shown in Figure 3 for the EC values and NO3
- 

concentration of groundwater samples. This information helps to demarcate the occurrence of 

pollutants and assign background level for the preparation of mass transport modeling in future. The 

quality of groundwater was the worse condition in this area. Except for small parts of northern and 

southern sites, the background level of EC value was more than the limit of drinking water (EC=750 

µS/cm, WHO 1984). But its value estimated was more the background level in the central part of the 

Island (Figure 3a). The sodium concentration was observed more than its background value (range: 

50-75 mg/l) in between Kishkindapalem and Pesarlanka villages, and also in the western part of 

Golapalem village. In the entire study area, calcium concentration in groundwater was more than 75 

mg/l as well the background level except in and around the Potharlanka (well no. 3) and Tadikalapudi 

(well no. 15) villages. A similar case was also observed for the Mg2+ concentration. The actual 

chloride concentration at all the sampling locations was more than the permissible limit (WHO 1984) 

as well its backgrounds, and the maximum occurrence was obtained in between Kishkindapalem and 

Pesarlanka villages. The suitability of drinking water observed only in the northern and western parts 

in-term of the HCO3
- concentration in groundwater, but sulphate plume was observed only in the 

north-western part of Pesarlanka village based on the drinking water standard although its background 

level was less than 3 mg/l. The concentration of nitrate on groundwater was observed less than the 

drinking water limit as well as the threshold value at well nos. 1, 8-9, 18-19 in and around Donepudi, 

Shivrampuram, Tippalakatta, and Peddalanka villages as shown in Figure 3b. 

Figure 3. Showing (a) EC, and (b) NO3
- contours of groundwater along with their backgrounds in a 

part of Krishna delta, Andhra Pradesh, India 

5. Conclusions

Groundwater quality has been assessed for drinking purposes and identified the hydro-geochemical 

backgrounds using log-probability distribution in a part of Krishna delta, Andhra Pradesh, an area 

affected by the saline water intrusion as well as irrigation practices. The results show that all the 
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parameters do not fall within the World Health Organisation acceptable limits for drinking use. The 

cations dominate as Mg2+˃Na+ ˃Ca2+˃K+ whereas anions as Cl-˃HCO3
- ˃NO3

-˃SO4
2-˃CO3

->F- during 

the experimental period. Nitrate (NO3
-) concentration varied from 0.9 to 287.0 mg/l (mean: 140.4 

mg/l) whereas fluoride (F-) concentration varied from 0.12 to 0.45 mg/l (mean: 0.20 mg/l).  

The estimated background values range for the main components of groundwater indicated that these 

waters are characterized by lower concentrations and narrower ranges of the background. They are 

ranged from 652 to 2000µS/cm, 31 to 95, 2 to 15, 26 to 119, 10 to 56, 52 to 260, 108 to 296, 12 to 40, 

3 to 60, 0.9 to 40.0 and 0.12 to 0.20 mg/l for EC, Na+, K+, Ca2+, Mg2+, Cl-, HCO3
-, CO3

-, SO4
2-, NO3

- 

and F- concentration, respectively. The spatial distributions of pollutants and their backgrounds show 

that the sodium and chloride concentrations are more than their background values in between in 

middle part of the study area (Kishkindapalem and Pesarlank villages). The sulphate plume is also 

detected in this patch based on the drinking water standard, although its background level is 

comparatively less (3 mg/l). The results are based on a dry period experiment. Continuing research to 

get a better result of the present hydrogeochemical backgrounds, should be increasing the number of 

observation points and the frequency, due to the seasonal variations of some parameters. But this 

initial information obtained helps to delineate the occurrence of pollutants and attribute background 

level for mass transport modeling. 

Acknowledgements 
Prof. V.M. Tiwari, Director of CSIR-NGRI, Hyderabad, India has encouraged to publish this article 

(Ref. No.: NGRI/Lib/2020/Pre-34). The members of Groundwater Group of CSIR-NGRI, Hyderabad 

have helped for the collection and analysis of the groundwater samples. The CSIR-New Delhi under 

the Ministry of Science & Technology (Ref. No.: MLP 6407) has also funded partially for this work. 

The anonymous reviewers have given their critical and constructive comments to improve the article. 

The author is thankful to them. 

References 

American Public Health Association (APHA) (1985). Standard methods for the examination of water & waste. 

16th edn. Am. Public Health Assoc. Washington DC, 100p. 

Appelo, C.A.J., and Postma, D. (1994). Geochemistry. Groundwater and Pollution, AA Balkema, Rotterdam. 

Bauer, I., and Bor, J. (1995). Lithogene, geogene und anthropogene Schwermetallgehalte von Lößböden an den 

Beispielen von Cu, Zn, Ni, Pb, Hg und Cd. Mainzer Geowiss Mitt, 24, 47–70. 

Caro, M.D., Crosta, G. B., and Frattini, P. (2017). Hydrogeochemical characterization and Natural Background 

Levels in urbanized areas: Milan Metropolitan area (Northern Italy). Journal of Hydrology, 547, 455–

473. 

Carral, E., Puente, X., Villares, R., and Carballeira, A. (1995). Background heavy metal levels in estuarine 

sediments and organisms in Galicia (northwest Spain) as determined by modal analysis. Sci. Total 

Environ. 172 (2), 175–188. 

Dowgiałło, J., Kleczkowski,A.S., Macioszczyk, T., and Różkowski, A.  (2002). Glossary of Hydrogeology. PIG 

Publishing, Warszawa. 

Gałuszka, A., and Migaszewski, Z. (2011). Geochemical background–an environmental perspective. 

Mineralogia, 42, 7–17. 

Guo, H.M., Jia, Y.F., Wanty, R.B., Jiang, Y.X., Zhao, W.G., Xiu, W., Shen, J.X., Li, Y., Cao, Y.S., Wu, Y., 

Zhang, D., Wei, C., Zhang, Y.L., Cao, W.G., and Andrea, F. (2015). Contrasting distributions of 

groundwater arsenic and uranium in the western Hetao basin, Inner Mongolia: implication for origins and 

fate controls. Sci Total Environ 541, 1172–1190. 

Lepeltier, C. (1969). A simplified statistical treatment of geochemical data by graphical representation. Econ. 

Geol. 64, 538–550. 

Li, J., Yang, Y., Huan, H., Li, M.X., Xi, B.D., Lv, N.Q., Wu, Y., Xie, Y.W., Li, X., and Yang, J.J. (2016). 

Method for screening prevention and control measures and technologies based on groundwater pollution 

intensity assessment. Sci Total Environ, 143, 551–552. 

Mandel, S., and Shiftan, Z.L. (1980). Groundwater resources investigation and development. Academic Press, 

New York. 

Martha, T.R., Mohan Vamsee, A., Tripathi, V., and Vinod Kumar, K. (2018). Detection of coastal landforms in 

a deltaic area using a multi-scale object-based classification method. Current Science,144 (6), 1338-

1345. 

788



Matschullat, J., Ottenstein, R., and Reimann, C. (2000). Geochemical background–can we calculate it?. Environ. 

Geol. 39, 990–1000. 

Meybeck, M. (1979). Concentrations des eaux fluviales en elements majeurs et apports en solution aux oceans. 

Rev Geol Dyn Geogr Phys 21, 215–246. 

Mondal, N.C. (2018). Characterization of groundwater suitability for irrigation in a part of bowl rice production 

area of Krishna delta, India. In Book: Water Resources, Irrigation Practices and Sustainable Agriculture 

(Chapter-III), Editor: Prof. Rabindra N. Tiwari, Publisher: Excellent Publishers, New Delhi, pp. 18-29. 

Mondal, N.C., (2020). Exploring hydrochemical backgrounds using cumulative probability approach for finding 

groundwater suitability in an industrial area from Peninsular India. J. Appl. Geochem. (in press). 

Mondal, N.C., Adike, S., and Ahmed, S., (2018). Development of entropy-based model for pollution risk 

assessment of hydrogeological system. Arabian Journal of Geosciences, 11:375, 1-15. 

Mondal, N.C., and Singh, V.P. (2010). Need of groundwater management in tannery belt: A scenario about 

Dindigul town, Tamil Nadu. Journal of The Geological Society of India, 76 (3), 303-309. 

Mondal, N.C., and Singh, V.P. (2011). Hydrochemical analysis of salinization for a tannery belt in Southern 

India. J Hydrol 405(2-3): 235-247. 

Mondal, N.C., Singh, V.P., and Ahmed, S., (2013). Delineating shallow saline groundwater zones from 

Southern India using geophysical indicators. Environmental Monitoring and Assessment, 185(6), 869-

4886. 

Mondal, N.C., Singh, V.P., Singh, S., and Singh, V.S. (2011). Hydrochemical characteristic of coastal aquifer 

from Tuticorin, Tamil Nadu, India. Environ Monit Assess 175(1-4): 531-550. 

Mondal, N.C., Singh, V.P., Singh, V.S., and Saxena, V.K. (2010). Determining the interaction between 

groundwater and saline water through groundwater major ions chemistry. J Hydrol 388(1-2): 100-111. 

Mondal, N.C., Singh, V.S., Saxena, V.K., and Prasad, R.K. (2008). Improvement of groundwater quality due to 

fresh water ingress in Potharlanka Island, Krishna delta, India. Environ Geol, 55(3): 595-603. 

Mondal, N.C., Tiwari, K.K., Sharma, K.C., and Ahmed, S. (2016). A diagnosis of groundwater quality from a 

semiarid region in Rajasthan, India. Arabian Journal of Geosciences, 9(12), 602,1-22. 

Müller, D., Blum, A., Hart, A., Hookey, J., Kunkel, R., and Scheidleder, A. (2006). Final proposal for a 

methodology to set up groundwater threshold values in Europe. Deliverable D18, BRIDGE Project, 63. 

Nakanishi, Y. (1920). Groundwater pollution by nitrates derived from agriculture in the south-west islands of 

Japan (the sustainable uses of forestry resources in the tropics). Lancet 195(4976):1382–1383. 

Peng, C., He, J.T., Wang, M.L., Zhang, Z., and Wang, L. (2018). Identifying and assessing human activity 

impacts on groundwater quality through hydrogeochemical anomalies and NO3
- , NH4

+, and COD 

contamination: a case study of the Liujiang River Basin, Hebei Province, P.R. China. Environ Sci Pollut 

Res, 25:3539–3556. 

Prabhakar, G., Sudheer Kumar, M, Srinivas Reddy, K., and Mondal, N.C.  (2017). Assessment of groundwater 

quality from phreatic aquifer around opencast coal mining areas of Kottagudem, Manuguru and 

Sattupally in Khammam district, Telangana State (India). Journal of Applied Geochemistry, 19(1), 76-87. 

Rahman, A., Mondal, N. C., and Fauzia, F. (2021). Arsenic enrichment and its natural background in 

groundwater in the proximity of active floodplains of Ganga River, Northern India. Chemosphere, 

265:129096. 

Rahman, A., Tiwari, K.K., and Mondal, N.C. (2020b). Assessment of hydrochemical backgrounds and threshold 

values of groundwater in a part of desert area, Rajasthan, India. Environmental Pollution, 266(part 3), 

Article 115150, 1-12. 

Rahman, A., Tiwari, K.K., and Mondal, N.C., (2020a). Hydrochemical characterization for groundwater 

suitability in a semi-arid area in Sanganer Block, Jaipur District, Rajasthan. Journal Geological Society 

of India, 96 (4), 399-409. 

Reimann, C., and Filzmoser, P. (2000). Normal and lognormal data distribution in geochemistry: death of a 

myth. Consequences for the statistical treatment of geochemical and environmental data. Environ. Geol. 

39 (9), 1001–1014. 

Reimann, C., and Garret, R.G. (2005). Geochemical background-concept and reality. Sci. Tot. Environ. 350, 12–

27. 

Saxena, V.K., Singh, V.S., Mondal, N.C., and Jain, S.C. (2003). Use of hydrochemical parameters for the 

identification of fresh groundwater resources, Potharlanka Island, India. Environ Geol 44(5): 516-521. 

Sinclair, A.J., 1974. Selection of thresholds in geochemical data using probability graphs. J. Geochem. Explor. 

3, 129–149. 

Singh, V.S., Sarwade, D.V., Mondal, N.C., Nanadakumar, M.V., and Singh, B., (2009). Evaluation of 

groundwater resources in a tiny Andrott Island, Union Territory of Lakshadweep, India. Environmental 

Monitoring and Assessment, 158(1-4), 145-154. 

Szczucinska, A. (2017). Hydrogeochemical Background Based on Spring Waters (Lubuskie Lakeland, Western 

Poland). Geochemistry International, 55(12), 1164–1170. 

789



Tennant, C.B., and White, M.L. (1959). Study of the distribution of some geochemical data. Econ. Geol. 54, 

1281–1290. 

Turekian, K.K. (1977). Geochemical distribution of elements. Fourth edn. Encyclopedia of Science and 

Technology, McGraw-Hill, New York, 630p. 

Vázquez-Suñé, E., Sánchez-Vila, X., and Carrera, J. (2005). Introductory review of specific factors influencing 

urban groundwater, an emerging branch of hydrogeology, with reference to Barcelona, Spain. Hydrogeol. 

J., 13(3), 522–533.  

Welsch, W.F., and Lieber, M. (1955). Ground water pollution from industrial wastes [with discussion]. Sewage 

Ind Wastes 27(9):1065–1072. 

Wendland, F., Hannappel, S., Kunkel, R., Schenk, R., Voigt, H.J., and Wolter, R. (2005). A procedure to define 

natural groundwater conditions of groundwater bodies in Germany. Water Sci. Technol. 51 (3–4), 249–

257.  

World Health Organization (WHO) (1984). Guideline of drinking quality. Washington, DC, World Health 

Organization, pp. 333-335. 

Zhang, Z.H., Shi, D.H., Shen, Z.L., and Zhong, Z.S. (1992). Research on the evolution and development of 

groundwater environment under the influence of human activities. Hydrogeol Eng Geol 19(5),1–2. 

790



An approach to delineate groundwater recharge potential sites in 
Rajgardh District, Madhya Pradesh using GIS techniques 

Ruchi Khare1
, Indraneel Singli2 

1Associate Professor, Civil, MANIT, Bhopal, India 462007 
2 MTech Student, WRE, MANIT, Bhopal India 462007 

Email: ruchif4@rediffmail.com 

Telephone/Mobile No.: +91 9425607454 

Abstract 

The demand of fresh water is increasing rapidly in Rajgarh district due to urbanization and population 
growth. So in order to maintain continues supply of water and to meet the future requirements of water 
in Rajgarh district of Madhya Pradesh , it is very necessary to maintain the long term sustainability, 
groundwater is very necessary . Different influential factors are considered which affects the 
groundwater recharge. These influential factors are rainfall, geomorphology, slope, land use land cover, 
soil, lineament, drainage density, and lithology of the area. In this study with the help of Arc GIS 
groundwater potential zone has been delineated and are classified in very low, low, medium and high 
potential zones. The influential factors are processed and integrated using the weighted overlay analysis 
in Arc GIS. Results of the study reveal high to moderate groundwater recharge potential is in 
approximately 27% area and 64% area is under moderate potential zone. Suitable techniques for 
Artificial Ground Water Recharge are suggested as per the existing sit requirements. 

Keywords: artificial recharge1
; water harvesting2; weighted overlay analysis3 

1. IMukhntroduction

Artificial recharge is the process whereby surface water is transferred underground and is stored in an 
aquifer. The artificial recharge to ground water aims at augmentation of ground water reservoir by 
modifying the natural movement of surface water by utilizing suitable civil construction techniques. It 
is a process in which the groundwater reservoir is recharged at a higher rate than recharge rate under 
natural conditions ofreplenishment. Arc GIS has proved its importance in the study of artificial recharge 
of groundwater. Groundwater recharge means the entry of water from the unsaturated zone into the 
saturated zone below the water table surface, and then together with the associated flow away from the 
water table within the saturated zone (Maduracci, et al 2008 . Recharge of groundwater occurs when 
water flows past the groundwater level and infiltrates into the saturated zone below ground level. It is 
an extremely important water component of the circulation cycle in nature. Various factors affect the 
occurrence and movement of groundwater in a region are topography, primary porosity, secondary 
porosity, lithology, geological structures, depth of weathering, slope, drainage patterns, landform, 
extent of fractures, land use/land cover, and climate (Mukherjee 2016; Nagarajan et al.2009). 
The National Remote Sensing Agency (NRSA 1987) in India was the first to integrate information from 
remote sensing and the technology of the geographical information system (GIS) for delineating the 
groundwater recharge potential zone. GIS is used to manage, utilize, and classify the results of remote 
sensing, to explore sites, to combine the factors of groundwater recharge potential, and to provide 
appropriate weight relationships (Radhakrishna et al. 2014; Senanayake et al. 2016; Sener et al. 2005) 
The choice of a particular method of groundwater recharge is governed by local topographical, 
geological and soil conditions, the quantity and quality of water available for recharge. Recharge of 
ground water can lead to the degradation of the aquifer unless quality control of the injected water is 
adequate. (Bhattacharya 2010). In this study GIS technique is applied to delineate potential artificial 
recharge zones in Rajgarh district in Madhya Pradesh. In present study Aster DEM is used to create 
slope map, drainage density map, rainfall map, lineament and lineament density map and Landsat-8 
data is used to create land use/land cover, lithology, geomorphology and soil map. Then these thematic 
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layers are processed and combined by using proper weighted linear combination method in arc GIS 
software. By this method Ground water potential zone map is created (Sharma et al.2016) The influence 
factor for different thematic map is calculated based on the interrelationship between these thematic 
maps. Weight is given to factor, depending on influence the factor on the ground water recharge. 

1.1 Study Area 

Rajgarh district is located at western part of Madhya Pradesh and is bounded by Shajapur district in the 
south as well as west. Rajgarh District is enclosed by Sehore, Bhopal, Guna and Jhalawar (Rajasthan) 
from the southeast, east, northeast, and north directions respectively. This district extends between the 
parallels of North latitudes 23° 27' 12" & 24° 17' 20" and between the meridians of east longitudes 76° 

11' 15" & 77° 14'. Shape ofRajgarh District is quadrangular with the northern and western sides longer 
than the southern and eastern sides, respectively. Rajgarh has a area of 6155 Km2 and population of 
15,46,541 according to 2011 census. Rajgarh receives 92% of the rainfall from monsoon season. 
Rajgarh has normal annual rainfall of958.5 mm. Vast part ofRajgarh district about three-fouth part has 
black coton soil and the rest part of district is covered with yellowish-red, mixed soils derived from 
sandstone and shale. In some parts alluvial soil is also found which are near to the river course. Depth 
of water level in the district during pre-monsoon, ranges between 4.75 m bg 1 to 22.32m bgl. In the 
major part of the district, water level ranges between 9 and 12 m bgl during the pre-monsoon. During 
post-monsoon period, water level ranges from 0.47 m bgl to 17.83m bgl. In major part of the district, 
water level lies between 3 to 6 m bgl. 

2. Material and Methodology

In this study GIS technique has been used to delineate the groundwater recharge potential zone of 
Rajgarh district. Weighted overlay analysis has been used where the weight has been provided through 
a knowledge based factor analysis. Various factor such as rainfall, lineament density, slope, drainage 
density, land use/land cover, lithology, geomorphology and soil map layers has been used. The 
methodology used in the study has been explained with the help of flow diagram in Figure 1 
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Figure 1: Flow diagram shoeing the methodology 

Different influential factors and their maps are as below: 

2.1 Rainfall 

Rainfall data has been collected from the MPWRD and with the help of these data the average annual 
rainfall map has been created using the interpolation technique in the ARC GIS software. From the 
average annual rainfall map it is clear that the north eastern region has a high rainfall density in 
comparison with the other region(Figure 3). 
For the creation of other map such as drainage density map, slope map, Stream Network map, ASTER 
Digital Elevation model (DEM) is used which is downloaded from the website ofUSGS. 
These DEM has been used to create the different map. 

2.2 Drainage Density 
Drainage density is defined as total length of the stream divided by total area which is Km/Km2. 
Drainage Density= (IS)/A, where IS= sum oflength of stream networks in Km and A= total area in 
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The foremost source of the groundwater recharge is rainfall in which slope plays a vital role. The 
gradient of slope directly influences the infiltration rate of rainfall. If higher gradient slopes are exists 
in the are then this will lead to a smaller ground water recharge because water runs quickly off the 
surface of a steep slope during rainfall, not having enough time to infiltrate the surface and recharge 
the saturated zone(Figure 5). If gradient is small then it will provide ample time to infiltrate to the 
surface and recharge the saturated zone. 

2.4 Land Use Land Cover 

Land use/cover is an important factor in groundwater recharge. It comprises of the type of soil 
deposits, the distribution of residential areas, and vegetation cover .land use/cover map of Rajgarh 
district was created using LANDSAT 8 data which is finally compared With the LULC map at 
Bhuvan Leduc et 

Km2 .At first DEM is used to create the stream network in Arc GIS  software & then this stream 
network is used to create the drainage density map. 

 Figure 2: Average Annual Rainfall  Figure 3: Stream network 

The structural examination of a drainage density and stream network helps in understanding the features 
of the groundwater recharge zone. The quality of a stream network depends on lithology, which delivers 
a significant index of the filtration rate. Drainage density is one of the major features in the study of 
groundwater recharge (Figure 4). 
It has been found   that high drainage density has a high level of influence in ground water recharge.  
In this present study drainage density is classified as low, medium, and high density area. 

 Figure 5: Slope Map       Figure 4: Drainage density 

2.3 Slope 
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2.5 Lineament Map & Lineament Density 

In order to identify linear topographic features from the DEM, eight shaded relief images were 
generated. The first step is the production of eight separate shaded relief images with light sources 
coming from eight different directions. The first shaded relief image created had a solar azimuth (sun 
angle) of 0°, and a solar elevation of 30°. An ambient light setting of 0.20 was used, which produces a 
good contrast. The ambient light setting is simply a scaling factor in the imagine topographic program 
(Erdas, 1998). The other seven shaded relief images were created with seven contrasting illumination 
directions 45°, 90°,135°, 180°, 225°,270° ,and 315° (Figure 7). The second step is to combine four 
shaded relief image to produce one shaded relief image, for this purpose, the combinations of the four 
shaded relief maps are computed by using GIS overlay technique, where the first four shaded relief 
images are overlaid to produce one image with multi - illumination directions (0°, 45 °,90°,andl35°) 
and the second overlay is to produce one image with multi - illumination directions (180°, 225 °,270°, 
and 315°) . Finally, those two images have been used for automatic lineaments extraction over the study 
area. the second overlay is to produce one image with multi - illumination directions (180°, 225°,270°, 
and 315 °) .Finally, those two images have been used for automatic lineaments extraction over the study 
area. 

2.6 Geomorphology Map 

The Landsat 8 satellite images in digital form and topographic map published by survey of India has 
been utilized. Digital data registered with SOI topo-sheet and identified different hydro
geomorphological units, mapping with image interpretation techniques, digital image processing, 
exiting geology and geomorphology map using Erdas and ArcGIS and verified with Geomorphological 
map ofRajgarh is obtained from MPCOST(Figure 8). Rajgarh district has structural origin is mainly in 
western part of district, denudation origin in northern region, volcanic origin is uniformly spread in 
whole district and waterbodies. 

2.7 Soil Map 

al. (2001) estimated the change in the quantity of groundwater recharge due to changes of land 
utilization and vegetation from  changes in the groundwater level(Figure 6). Land Use/cover is an 
important factor in groundwater recharge as if land cover is vegetation it stop the direct evaporation 
from soil whereas roots can also absorb water and store it. These  vegetation can also cause biological 
decomposition into the rocks which will help in the easy percolations of water and ground water 
recharge. In the other hand if there is large part of study area is residential area or hills these will cause 
a negative impact in the ground water recharge and these reduces the ground water recharge. 

 Figure 7: Lineament density map  Figure 6: Land use Land cover map      
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Soil map oflndia is obtained from FAO website, from this map Rajgarh district is clipped out using the 
Arc GIS software. Soil is an important factor affecting the ground water recharge. From the map shown 
in (Figure 9). it is being seen that mainly two type of soil is being distributed in the Rajgarh district i.e. 
black cotton soil and clay soil. Effect of soil on ground water recharge depends on the properties of the 
soil i.e, porosity of soil, uniformity coefficient, infiltration capacity of soil present in that area. It is well 
known that where the value of coefficient is small, porosity is high. If the porosity of the soil is high the 
water can easily pass through it and can reach to the aquifer and thus recharging the ground water at 
higher rate. It should also be taken care that for good recharge rate of ground water soil pores should be 
free from clogging. 

Figure 8: Geomorphology Map 

2.8 Geology Map 

Figure 9: Soil Map 

Geology map of Rajgarh district is obtained from Geographical Survey of India which is digitized. 
Generally hard rock does not have primary porosity. Secondary porosity in the form of fractures and 
weathering only allow groundwater occurrence. High rank is assigned for meta-basalt rock which has 
high amount of porosity and good groundwater potential (Figure 10). 

3. Result & Discussion

Figure 10: Geology Map ofRajgardh 

The resultant map is created by using the weighted overlay method in the Arc GIS software. For the 
calculation of weight and influence factor has been used. To calculate the influence factor 
interrelationship between the thematic map are prepared and it is being noted that the particular factor 
effects the other factors in which manner that is it can either effect it in major or in minor way. For each 
minor effect 0.5 being used and each major factor 1 is being used (Figure 11 and Table 1 ). 
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Figure 11: Geology Map of Rajgardh 

Table 1 Relative rates for each factor 

Table 2: Score of each recharge potential factor 

Sr. 
No. 

Factor Calculation 
Process 

Proposed 
Relative 

Rates 
1 Geomorphology 2 * 1 = 2.0 2 

2 Lineament 1 * 1 + 0.5 * 1 
= 1.5 

1.5 

3 Rainfall 0.5 * 2 = 1 1 

4 Slope 1 *1 + 0.5* 1 = 
1.5 

1.5 

5 Drainage Density 1 *1 + 0.5* 1 = 
1.5 

1.5 

6 Soil 0.5 * 3 = 1.5 1.5 

7 Land use land 
cover 

1 *  1 + 0.5 * 4 
= 3.0 

3 

8 Lithology 1 *3 = 3 3 

Total 15 

Sr. 
No. 

Factor Calculation 
Process 

Proposed 
score for each 
factor 

1 Geomorphology 100 * (2/15) 13 

2 Lineament 100 * (1.5/15) 10 

3 Rainfall 100 * (2/12.5) 7 

4 Slope 100 * (1.5/15) 10 

5 Drainage Density 100 * (1.5/15) 10 

6 Soil 100 * (1.5/15) 10 

7 Land use land cover 100 * (3.0/15) 20 

8 Lithology 100 * (3.0/15) 20 

Total 100 

797



Figure 12 Ground Water potential zone map  Figure 13: Ground water potentintial zones 
 CGWCB 

Table 3: Weights assigned to classes of each theme based on their influence to groundwater recharge 

Sr.no Factors Classes Weightage 

1 Geomorphology Structural Origin 2 

Denudation Origin 3 

Volcanic Origin 4 

Water Bodies 7 

2 Lineament (Km/Km2) 0.02 -0.15 1 

0.15 - 0.3 2 

0.3 - 0.5 4 

0.5 - 0.8 5 

0.8 - 1.25 6 

3 Slope (degree) 0-0.5 9 

0.5-1 8 

1-2 5 

2-3 4 

3-8.8 2 

4 Drainage density (Km/Km2) High 8 

Medium 5 

Low 2 

5 Rainfall (mm) 606 – 666 3 

666 – 714 4 

714 – 763 6 

763 – 818 7 

818 – 869 8 

869 – 922 9 

6 Soil Black Cotton 6 

Clay 5 
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Table 3 shows the weights assigned to classes of each theme based on their influence to groundwater 
recharge It is seen from the artificial potential zone map (Figure 12), that it has 3% area under very high 
recharge potential zone, 27% area under high recharge potential zone, 64% area under moderate 
potential zone, 5% area under high recharge potential zone and 1 % area under very low recharge 
potential zone. The result obtained from the present study are in good agreement with the artificial 
recharge zones provided by Central ground Water control Board (CGWCB) for Rajgardh District ( as 
shown in Figure 13). Rajgarh region has low recharge potential zone, particularly in the south areas 
because of high slope in this area. This area also has high slope gradient as compare to other and higher 
slope does not provide much help in recharge of ground water. It has a large part of moderate recharge 
potential zone it is because of large agriculture area and these areas has a gentle slope which is a 
favorable condition for ground water recharge. Artificial recharging structures can be applied in Rajgarh 
district in order to improve the replenishment of the groundwater resources. Percolation pits, recharge 

basins, recharge wells, ridges and furrows, check dams, gully control/stone wall structures, contour 
bunding,, trenching and surface flooding are some of the artificial recharging methods which can be 
employed. 

4. Conclusion

Delineation of groundwater recharge potential zones in Rajgarh district area, was done by utilizing GIS 
techniques that provided an effective methodology in the context of time, labour and cost. Parameters 
such as rainfall, lineament density, slope, drainage Density, land use/land cover, lithology, 
geomorphology and soil cover map layers were integrated on a GIS platform employing the weighted 
overlay method. Outcomes of this study tells that a significant amount of artificial recharging capacity 
in present in Rajgarh district. Result suggest that it has 3% area under very high recharge potential zone, 
27% area under high recharge potential zone, 64% area under moderate potential zone, 5% area under 
high recharge potential zone and 1 % area under very low recharge potential zone. The resultant 
suitability map and the methodology employed in this study will serve as a recommendation for 
forthcoming water management projects. This approach can be used in other parts of the world facing 
serve water stress conditions with appropriate modifications. Such activities can be used to examine the 
potential for artificial recharge in arid zones to ensure sustainable groundwater utilization. 
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Abstract 

Groundwater table is decreasing day by day. In the last two decades the groundwater table is decreasing in many 
parts of the world due to human activity. The over exploitation and unplanned pumping from aquifer is emerging as 
a serious concern. To prevent a future water crisis and to make water available in the areas which are already water 
scarce, this study attempts to plan for conservation of water. The best place to conserve water would be in the 
aquifers as these are already present naturally and are not affected much by man- made pollution. To conserve water 
in the aquifers we have to recharge them with rain water. One of the simplest and cost effective ground water 
recharge structure is the percolation pond or tank which falls in the category of surface recharge structures. Before 
reaching the aquifer the water travels through a partially saturated zone called the vadose zone. In this study, 
characteristics of the flow of water in the vadose zone below a pond are studied with the help of Hydros 1 D 
software with the aim of optimizing use of rainwater in filling up of ponds and also finding ways of faster recharge 
of groundwater. It is seen that having a number of small ponds is advantageous for faster recharge of ground water. 
It is also found that Hydros 1 D software can be used to decide upto what level ponds should be filled up for most 
efficient use of rain water. Hydros 1 D software can be used todesign a system of ponds according to the rainfall of 
the area and the time in which we want the water in the ponds to reach the groundwater. 

Keywords : Water crisis; conservation; pond; Hydrus. 

1. Introduction

Groundwater fulfills more than 85 percent of India's rural domestic water requirements while 50 percent 

of its urban water requirements is fulfilled by it. About 100 million people in India are vulnerable to a 

nationwide water crisis. 21 cities in India may run out of groundwater in the year 2020. These cities 

belong to the Northern, Western and Southern part oflndia in the states of Punjab, Haryana, Delhi NCR, 

Rajasthan, Gujrat, Uttar Pradesh, Madhya Pradesh, Telangana, Kamataka and Chennai ( NITI Aayog, 

2018 ). The world is approaching at a fast rate towards a 'climate apartheid'. In such a condition only the 

wealthy would be able to afford basic natural resources due to droughts, famine and heat conditions. 

People have to face a series of associated problems with scarcity of water : food insecurity, poor 

sanitation and diseases due to it, vulnerability to heat waves, conflicts between states over sharing of 

water etc ( United Nations Human Rights Council, 2019). India will overtake China as the world's most 

populous country within a decade. Demand for water will reach twice the present available supply by 
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2030 and hence hundreds of millions of lives will be in danger ( United Nations Department of Economic 

and Social Affairs, 2019 ). 

As the rainfall seasons are brief and intensive in arid areas, there is a need to increase groundwater 

recharge through managed aquifer recharge ( Chinnasamy et al., 2015 ). In NCT Delhi, various artificial 

recharge projects have been taken up in different hydrogeological and agro-climatic conditions. Runoff 

from roof tops, roads, paved area and bare ground are utilized in these projects ( Central Ground Water 

Board, 2008 ). Through artificial recharge ground water reservoir is augmented at a rate greater than that 

under natural conditions of replenishment. ( Central Ground Water Board, 2002 ).The amount of water 

infiltrated into the ground is always greater for a deeper ponding depth than for a shallow depth. 

However, the knowledge of quantitative effects of ponding depth on infiltration are less specific (Warrick 

et al, 2005). In this paper, possible ways of fast recharge of groundwater with the help of ponds will be 

studied with the help of simulations in Hydrus 1 D software. 

2. Experimental Program

2.1 Comparison of artificial supply and natural supply of water to a pond 

Here, we compare the infiltration in the two cases of - (i) rainwater supplied to a pond by collecting it 

from a part of the catchment, and (ii) rainwater allowed to collect in the pond by falling over it 

naturally.Fig. I shows the pressure head at different depths below the pond at different times for artificial 

supply of water to pond. Here TO is 0 hours, Tl is 1 hour, T2 is 2 hours, T3 is 3 hours, T4 is 17.3 hours 

and T5 is 48 hours. Fig. 2 shows the water content at different depths below the pond at different times 

for natural supply of water to pond. Here TO is 0 hours, Tl is 1 hours, T2 is 2 hours, T3 is 10 hours, T4 is 

12 hours, T5 is 48 hours accordingly. From Fig. 1 we can see that at T5 time , that is 48 hours, the soil 

gets saturated upto a depth of about 60 cm below the pond. This means the rain water reaches a depth of 

about 60 cm below the pond in 48 hours. On the other hand, from Fig. 2 we can see that the soil never 

gets saturated, and the lowest point of wetting front reaches only to a depth of about 5 cm below the pond 

at T5 hours, that is 48 hours. This finding resembles the literature Warrick et al. (2005), according to 

which, infiltration is greater for a deeper ponding depth than for a shallow ponding depth. 

2.2 Comparison of recharge from a big pond and a number of smaller ponds 

Here, we compare the infiltration due to artificial supply of rain water in the two cases of - (i) Only one 

big pond in an area, and (ii) A number of small ponds in an area. Fig. 3 shows the water content at 

different depths below the pond at different times for the big pond. Here, TO is 0 hours, T 1 is 1 hours, T2 

is 4.7 hours, T3 is 17 hours, T4 is 33.8 hours, T5 is 1000 hours. Fig. 4 shows the water content at different 
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depths for different times below the multiple number of ponds. Here, TO is O hours, Tl is 1 hours, T2 is 5 

hours, T3 is 81.5 hours, T4 is 176.2 hours, T5 is 300 hours. From Fig. 3, Fig. 4, Table 3 and Table 4we 

see that, in case of a big pond although all the water infiltrates into the ground in a short time of 8.8 hours, 

it reaches only a depth of 130 cm below the pond even after 975 hours. In case of a number of small 

ponds although it takes a larger time of 151.2 hours for all the water to infiltrate into the ground, it 

reaches a depth of 500 cm below the pond in just 300 hours. Thus, ground water recharge will take place 

faster in case of a number of small ponds than in the case of a big pond. This finding resembles the 

literature Warrick et al. (2005), according to which, infiltration is greater for a deeper ponding depth than 

for a shallow ponding depth. However it is to be noticed that water is to be supplied to the multiple small 

ponds one by one, i.e., filling up each before going to the next. 

2.3 Design of area and number of ponds 

For efficient groundwater recharge we have to design the system of ponds according to the rainfall record 

of the area. The smallest magnitude of rainfall is to be used to design the dimension of each pond. The 

highest magnitude of rainfall is to be used to design the total volume or area of all the ponds. So the 

number of ponds will depend on the highest magnitude rainfall in the area. However, the number of ponds 

that can be built will also depend on the available free area. 

2.4 Depth of ponding and velocity of water 

It is observed that a relation between the depth of ponding and corresponding time taken by the water to 

reach a particular depth below the pond is attempted to be found out. Fig.5 shows the time taken by the 

wetting front to reach a depth of 300 cm below the pond for different depths of ponding of water for loam 

soil. Fig. 6 shows the time taken by the wetting front to reach a depth of 300 cm below the pond for 

different depths of ponding of water for sandy loam soil. We can see from Fig.5 and Fig.6 that, for the 

two soils that the time taken by the wetting front to reach a particular depth decreases with increasing 

depth of ponding. However, the rate of reduction of this time decreases with increasing depth of ponding. 

This finding resembles the study Prill et al.(1978), according to which, the infiltration rate is very 

sensitive to the depth of ponding at relatively low depths of ponding, but, after the infiltration rate 

exceeds the hydraulic conductivity of the soil, a further increase in depth of ponding would have only a 

slight effect on the hydraulic gradient across the soil profile, and hence the infiltration rate would be 

affected only slightly. 

2. 5 Time gap between two supply of water to a pond
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Here, the effect of time gap between two supply of rain water to a pond on the rate of infiltration is 

studied. Fig. 7 shows the time taken by the wetting front to reach 500 cm depth (ordinate) for different 

gaps of time between two supply of rainwater to the pond (abscissa). From the graph in Fig. 7 it is clear 

that the time taken by wetting front to reach the bottom of the soil profile increases with increase in the 

time gap between two supply of water to the pond. We can also see from the graph that after the time gap 

becomes greater than about 80 hours, the slope of the curve become a bit higher. 

2. 6 Soil profile with a clay layer sandwiched in between

Fig.8 shows the time taken by the wetting front to reach a depth of 400 cm below the pond for different 

depths of the upper level of the clay layer below the pond in a loam soil. From Fig.8 we can see that we 

can use such a curve to fix the position to dig a pond, in such cases when the clay layer spreads for a large 

area and we cannot avoid it. For example, from Fig.8, it is clear that in case of a loam soil profile, the 

pond should be dug at a location where the top level of the clay layer is about 50 cm below the pond, so 

that the water reaches the bottom of the soil profile in minimum time. 

3. Conclusions

It is always a better option to collect the rainwater from a part of the catchment and supply it to the pond 

instead of just letting rainwater to collect in the pond. This results in faster downward movement of water 

in the vadose zone and also prevents wastage of water in the form of run-off. This will also reduce floods 

to some extent. Ground water recharge will take place much faster in case of a number of smaller ponds 

than in the case of a big pond, provided rainwater is supplied to one pond at a time. In case of a number of 

ponds, the area of each pond will depend on the lowest magnitude rainfall in the area, and the number of 

ponds will depend on the highest magnitude rainfall in the area. We can use simulations in Hydrus 1 D 

software to fix the depths of ponding in recharge ponds for most efficient use of rain water. If the time 

gap between two supply of rain water to a pond is kept minimum, then the wetting front will reach the 

bottom of the soil profile earlier. We can use simulations in Hydrus 1 D software to locate the position for 

digging a pond, in case a clay layer spreads for a large area and it can't be avoided. 
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 Table 1 Pressure head at surface at different times for artificial supply. 

Time (hours)  1  2  3  17.3  48 

Pressure head (cm)  13.5  11.3  9.98  0.087 -99.32

 Table 2 Pressure head at surface at different times for natural supply. 

Time (hours)  1  2  10  12  48 

Pressure head (cm) -1928.46 -2488.85 -3844.5 -4010.36 -5393.57

 Table 3  Pressure head at surface at different times for the big pond. 

Time (hours)  1  4.7  17  33.8  1000 

Pressure head (cm) 4.405 0.062 -114.25 0.064 -362.77

 Table 4 Pressure head at surface at different times for the smaller ponds. 

Time (hours)  1  5  81.5  176.2  300 

Pressure head (cm)  59.75  50.64  51.95  0.043 -123.35
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Figure 2 Water content vs depth at different times 
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Figure 4  Water content vs depth at 

different times for the smaller ponds. 
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Figure 5  Time vs depth of ponding for loam soil 

for target depth of 300 cm. 
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Figure 6  Time vs depth of ponding for sandy loam 

soil for target depth of 300 cm. 
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Equations 

The van Genuchten-Mualem model was used in Hydros 1 D. The following equation was derived by Mualem for 
predicting the relative hydraulic conductivity (Kr) from knowledge of the soil water retention curve. 

K = 0°.s [J.8-1
- dx / J,1-1

- dx] 2 
r O h(x) 0 h(x) 

Where h is the pressure head which is given as a function of the dimensionless water content.

. . l 0 0-0r D1mens10n ess water content, = -
es- er 

(1) 

(2) 

In the above equation the subscripts s and r indicate saturated and residual values of the soil water content 0 
respectively. 

To solve equation (1) an expression relating the dimensionless water content to the pressure head is needed. Such a 
relation was given by Van Genuchten which is given by the following general equation 

[ 
1 ]m 0- --

1+ (ah)n 
(3) 

Where a, m and n are parameters to be determined from the observed soil water retention curve (van Genuchten, 

1980).The water flow parameters Sr, 8s, a, n were determined by the Rosetta Lite software which uses pedotransfer 

functions to predict van Genuchten water retention parameters. The intial condition of soil is kept at 10000 cm of 
suction pressure head for all the cases. 
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Abstract 

Locating the sources of the contaminant in groundwater is crucial for efficient remediation design and 

water resources management. Source identification in groundwater is challenging as an aquifer is only 

perceived as contaminated when contamination is measured in one of the observation wells. Amongst 

the available techniques, the simulation-optimization approach is commonly used. However, this 

approach can be computationally expensive as the governing equations and boundary conditions are 

required to be solved numerous times in the simulation model. In this study, a Kriging based surrogate 

modelling (KS) approach is proposed which replaces the simulation model and thus reduces the 

computational cost to a great extent. The surrogate model is trained using a few samples from the 

simulation model. In this study, a meshfree model named Radial Point Collocation Method (RPCM) is 

used as the simulation model. The injection rates at the possible source locations for different stress 

periods are used as input and corresponding concentrations at the observation wells are considered as 

output. The surrogate model is then linked with Particle Swarm Optimization (PSO) which minimizes 

the mean squared error (MSE) between the predicted and simulated concentrations. The KS-PSO model 

is applied to a hypothetical case study. The results indicate that the KS-PSO model accurately predicts 

the injection rates at the possible source locations. 

Keywords: Groundwater contamination; Point Collocation Method; Meshfree method; Surrogate modelling; 

Kriging; Particle Swarm Optimization; Source identification 

1. Introduction

Groundwater aquifers are being frequently polluted by different sources such as spills from

pollution sources such as landfills, industrial facilities, septic tanks, agricultural lands and nuclear waste 

storage facilities (Batu, 2005). It is essential to study/track the pollution to safeguard the human 

establishments and environment from its harmful effects. For, this reason, accurate information of 

source locations and release history is important. Also, this information is crucial for the management 

of groundwater resources such as remediation which is a very expensive process (Sun et al., 2006). 

However, in practice aquifer is only perceived as contaminated when contamination is observed in one 

or, more observation wells. The exact location of contaminant sources and release history are usually 

unknown. Further, the uncertainty in estimated aquifer parameters and measurement errors add to the 

complexity of the problem (Yeh et al., 2007). 

Traditionally, the simulation-optimization approach is used for contaminant source 

identification problem (Aral et al., 2001; Yeh et al., 2007; Datta et al., 2009; Ayvaz 2016; Gurarslan, 

and Karahan 2015). In this approach, a simulation model is used for predicting the concentration 

breakthrough curves at the observation wells for a given set of source strengths. The simulation model 

is linked with the optimization model for predicting the source strengths by minimizing the objective 

function. Usually, the objective function consists of error between observed and simulated 

concentrations at the observation well locations. The grid/mesh-based methods such as Finite 

Difference (FDM) and Finite Element Method (FEM) are traditionally used as the simulation model. 
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However, due to the presence of grid/mesh these methods are susceptible to instabilities including 

numerical dispersion and artificial oscillation (Rastogi, 2007). Therefore meshless techniques including 

Radial Point Interpolation Method (RPIM), Element Free Galerkin Method (EFGM) Radial Point 

Collocation Method (RPCM), Meshless Petrov Galerkin method (MLPG) are being used as simulating 

flow and transport phenomena (Liu and Gu, 2005).  

Using a simulation model in the optimization problem can be computationally expensive as the 

simulation model is required to run numerous times based on the requirement of the optimization. 

Studies have shown that the simulation models can be replaced by surrogate models such as artificial 

neural networks (Majumder and Eldho, 2020; Singh and Datta 2004), contaminant response matrix 

(Gorelick, 1983; Guneshwor et al., 2018), kriging (Zhao et al., 2016) etc. In this study, the kriging 

technique is used for developing a surrogate model which can substitute the simulation model. The 

training data set for the kriging surrogate (KS) model is prepared using randomly generated inputs and 

corresponding inputs from the simulation model. The simulation model used in this study is based on 

RPCM. This meshfree technique has successfully been applied to groundwater flow and transport 

problems (Anshuman et al., 2019; Meenal and Eldho, 2011& 2012). Once trained, the KS model is 

embedded with an optimization algorithm. In this study, KS model is embedded within Particle Swarm 

Optimization (PSO) (Kennedy and Eberhart, 1995) which is a stochastic population-based global 

optimizer. PSO initializes the candidate solutions in the first iteration. For the subsequent iterations, the 

candidate solutions are updated heuristically in search of the global optimum. The developed KS-PSO 

model is applied to a hypothetical case study. The results indicate that the proposed model can 

accurately identify the contaminant sources and corresponding release histories. 

2. Materials and methods

2.1 Governing equation and boundary condition 

The transport of a reactive species C in a two-dimensional domain is governed by Equation 1 

(Bear and Cheng, 2010). The reaction types involved is first-order decay and linear equilibrium 

adsorption. 

𝜕𝐶

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐷𝑥𝑥

𝜕𝐶

𝜕𝑥
] +

𝜕

𝜕𝑦
[𝐷𝑦𝑦

𝜕𝐶

𝜕𝑦
] −

𝜕(𝑉𝑥𝐶)

𝜕𝑥
−

𝜕(𝑉𝑦𝐶)

𝜕𝑦
(1) 

The initial condition for the transport problem is given by 

𝐶(𝑥, 𝑦, 0) = 𝐶0       𝑥, 𝑦 ∈ Ω  (2) 

The Dirichlet and Neumann boundary conditions associated with the problem domain are as follows  

𝐶(𝑥, 𝑦, 𝑡) = 𝑔(𝑥, 𝑦, 𝑡)     𝑥, 𝑦 ∈ ∂Ω1 (3) 

𝜕𝐶

𝜕𝑛
= 𝑓(𝑥, 𝑦, 𝑡)  𝑛 ∈ 𝜕Ω2 (4) 

Here Dxx and Dyy are dispersion coefficients; Vx and Vy are seepage velocities and ne is the porosity of 

the medium. The functions g and f are known concentrations and fluxes respectively. The dispersion 

coefficients can be computed from dispersivities αL and αT as shown in Equation 5 and 6 (Rastogi, 

2007). 

𝐷𝑥𝑥 =
𝛼𝐿𝑉𝑥

2+𝛼𝑇𝑉𝑦
2

�̅�
(5) 

𝐷𝑦𝑦 =
𝛼𝐿𝑉𝑦

2+𝛼𝑇𝑉𝑥
2

�̅�
(6)
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where αL and αT are longitudinal and transverse dispersivities respectively and �̅� = √𝑉𝑥
2 + 𝑉𝑦

2.

2.2 Radial point collocation method 

The RPCM is a strong form meshfree method which, uses RBFs for the approximation of shape 

functions (ϕ). The problem domain is discretized using nodes and a support domain is constructed 

around each node for computation of shape function. Hence the entire domain is divided into several 

intersecting local support domains. The local support domain can be of any shape and vary from node 

to node. In this study, circular local support domains are used. The size of local support domains is 

represented in the multiples of nodal distance (dc). The MQ-RBF is given by (Hardy, 1971): 

𝜙𝑖(𝑥, 𝑦) = (𝑟𝑖
2 + 𝑐𝑠

2)𝑞 (7) 

Where 𝑟𝑖 = √(𝑥 − 𝑥𝑖)2 + (𝑦 − 𝑦𝑖)2 ,(x,y) is the point of interest and (xi,yi) are the nodes in the

local support domain. The term q and α  are shape parameters of MQ-RBF. As suggested by Li and Gu 

(2005), the method gives good results for structural and fluid mechanics problems when the q is fixed 

as 0.98 or, 1.03. In this study, the value of q is fixed as 0.98 as it yields good results for groundwater 

problems (Singh et al., 2016, Anshuman et al., 2019). The sensitivity analysis of the method with respect 

to the shape parameter α from various problems is presented in Singh et al., (2016), Anshuman et al., 

(2019) and Meenal and Eldho(2012). The time discretisation at any given node ‘i’ is implemented by 

the following forward difference scheme: 

𝜕𝐶

𝜕𝑡
=  

𝐶𝑖
𝑡+∆𝑡− 𝐶𝑖

𝑡

∆𝑡
(8) 

The concentration C in the governing equation (8) is replaced by the semi-implicit formulation as 

follows. 

𝐶 = 𝜃 𝐶𝑡+∆𝑡 +  (1 − 𝜃)𝐶𝑡 (9) 

Here θ is a weight coefficient which varies in the range [0, 1]. The numerical scheme is unconditionally 

stable if the value of θ is higher than 0.5. Using the shape function approximation, the state variable C 

at a node can be presented as 

𝐶(𝑥, 𝑦) =  𝜙𝑇𝐶𝑠   = ∑ 𝜙𝑖𝐶𝑖
𝑛
𝑖=1 (10) 

Similarly, the directional derivatives can also be presented in terms of the shape function derivatives. 

Combining Equation. (9) and (10), the governing equation (Equation 1) is given by: 

[
𝜙𝑇

∆𝑡
− 𝜃 (𝐷𝑥𝑥𝑖

𝜕2𝜙𝑇

𝜕𝑥2 + 𝐷𝑦𝑦𝑖

𝜕2𝜙𝑇

𝜕𝑦2 − 𝑉𝑥𝑖

𝜕𝜙𝑇

𝜕𝑥
− 𝑉𝑦𝑖

𝜕𝜙𝑇

𝜕𝑦
)] 𝐶𝑖

𝑡+∆𝑡 = 𝐶𝑟
𝑡 + (1 − 𝜃) [𝐷𝑥𝑥𝑟

𝜕2𝜙𝑇

𝜕𝑥2 +

𝐷𝑦𝑦𝑟

𝜕2𝜙𝑇

𝜕𝑦2 − 𝑉𝑥𝑟

𝜕𝜙𝑇

𝜕𝑥
− 𝑉𝑦𝑟

𝜕𝜙𝑇

𝜕𝑦
] 𝐶𝑠

𝑡

(11) 

Equation 11 applies to all internal nodes. Governing equations for all nodes along with the boundary 

conditions arranged in the form of K matrix-F vector system as shown in Equation 12. The unknown 

quantity Ct+Δt is computed at each node using the local support domain. Hence the globally assembled 

matrix K is sparse in nature. 

[𝐾]𝑁×𝑁{𝐶}𝑁×1
𝑡+∆𝑡 = [𝐹]𝑁×𝑁{𝐶}𝑁×𝑁

𝑡 (12)
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2.3 Kriging technique 

Kriging is a technique used for scattered data interpolation and is popularly used in geostatistics. 

It is also known as Gaussian process regression. A kriging model can be represented as follows (Zhao 

et al., 2016): 

�̂�(𝑥) = ∑ 𝛽𝑖𝑓𝑖(𝑥)𝑘
𝑖=1 + 𝑍(𝑥)          (13)

Here �̂�(𝑥) is the predicted value for the corresponding input 𝑥. The term 𝛽 and 𝑓(𝑥) indicate 

unknown coefficients and known function. The term 𝛽𝑓(𝑥) is known as the regression function which 

can be a constant, linear or, quadratic. In this study, a constant is used for developing the kriging 

surrogate model. The contamination strengths at the source are taken as input (x) and observed 

contamination at observation locations are taken as output (y). For training the surrogate model, 

randomly generated samples between a certain range are treated as inputs. The corresponding RPCM 

model simulations are used as output data.  𝑍(𝑥) stands for the realization of the stochastic process with 

mean zero and covariance cov which is given as follows 

𝑐𝑜𝑣[𝑍(𝑥𝑖), 𝑍(𝑥𝑗)] = 𝜎2𝑅(𝑥𝑖, 𝑥𝑗) (14) 

Here σ denotes the standard deviation of the Gaussian process and R2 stands for correlation 

function between variables 𝑥𝑖 and 𝑥𝑗. In this study, Gaussian correlation function is used which is

expressed as follows 

𝑅 = 𝑒𝑥𝑝[∑ 𝜃𝑖(𝑥𝑖 − 𝑥𝑗)2𝑛
𝑖=1 ] (15) 

The term θ is the hyperparameter vector which is estimated by minimizing the observed and 

predicted concentrations at the observation well locations. 

2.4 Particle Swarm Optimization 

Particle Swarm Optimization is a global optimization technique which was originally developed 

by (Kennedy and Eberhart, 1995). This bio-inspired algorithm tries to mimic the movement of a bird 

flock. This optimization technique finds the best solution by iteratively trying to improve a candidate 

solution within the applied constraints. A population of candidate solutions is referred to here as 

particles. These particles are assigned to a position and velocity randomly in the search space. They 

move around in the search space by using simple mathematical formulae. The movement of particles 

(position and velocity) is based on its local best-known position. For each time the particles are moved, 

a generation is completed. The steps involved in the process are described as (Kennedy and Eberhart, 

1995): 

1. The swarm population is initiated in the search space.

2. The objective function or, the fitness value is computed for each population and the best

population is stored along with the objective function value.

3. The velocity of each particle is updated with respect to the best positions of the swarm (G) and

the concerned particle (b).

𝑣𝑖(𝑡 + 1) = 𝑘𝑣𝑖(𝑡) + 𝑐1𝑟1(𝑏𝑖 − 𝑥𝑖) + 𝑐2𝑟2(𝐺𝑖 − 𝑥𝑖)               (16)

Where k, c1 and c2 are constants and r1 and r2 are random numbers between 0 and 1.

4. The new positions are updated as per Equation 16. The new positions are checked if they are

located within the lower and upper bounds.

𝑥𝑖(𝑡 + 1) = 𝑥𝑖(𝑡) + 𝑣𝑖(𝑡)                  (17)

5. The procedure is repeated until the stopping criteria (number of iterations or, the desired value

of objective function whichever is first).
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2.5 Objective function 

The objective function is used for calculating the fitness value of each population. This value 

is calculated with respect to observed and concentration values at the observation wells. It is 

mathematically represented as follows 

𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 
1

𝑛𝑜𝑏𝑠
∑ ∑ (𝐶𝑖𝑗

𝑜𝑏𝑠 − 𝐶𝑖𝑗
𝑠𝑖𝑚)

2𝑛𝑡
𝑗=1

𝑛𝑜𝑏𝑠
𝑖=1 (18) 

Subject to {
𝑄𝐿 < 𝑄𝑛 < 𝑄𝑢 , 𝑛 = 1,2,3,4

𝐶𝑠𝑖𝑚 = 𝑓(𝑄𝑚)
(19) 

Here f is the trained kriging surrogate model.  𝐶𝑜𝑏𝑠 and 𝐶𝑠𝑖𝑚 are observed and surrogate model

simulated concentrations respectively. The release intensities at the source locations are represented by 

Q where Qu and QL are the upper and lower bounds of the release intensities respectively. The terms 

𝑛𝑜𝑏𝑠 and 𝑛𝑡 represent the number of observation well locations and stress periods respectively.

3. Model development

The following steps are involved in developing the surrogate optimization model. 

1. Training sample generation:  The data set for supervised training of the kriging is prepared

randomly generated inputs between suspected ranges for source release intensities using

random.randn function in Numpy (Oliphant, 2006). These inputs are used to generate

concentration breakthrough curves at observation locations using the RPCM simulation model.

The concentrations at the observation wells at the end of each stress period are stored as output.

2. Surrogate model training: The Kriging surrogate model is developed using Surrogate

Modelling Toolbox (SMT) in Python (Bouhlel et al., 2019). The input and output data prepared

in the previous step is used model fitting. Note that the training data is standardised to give

equal weightage to all source and observation locations. The initial values of the

hyperparameter vector (θ) are taken as 1×10-2. The trained Kriging surrogate model is used for

prediction concentration breakthrough curves at the observation wells at each stress period.

3. Optimization: The Kriging surrogate model is externally linked with PSO algorithm which is

used for estimating the unknown contamination release intensities at the source location by

minimising the objective function at each iteration.

The performance of the proposed KS-PSO model is analysed at source locations using mean absolute 

error (MAE) and coefficient of determination (R2) as shown in Equations (20) and (21). 

𝑀𝐴𝐸 =
1

𝑛𝑡
∑ |𝐶𝑖

𝑜𝑏𝑠 − 𝐶𝑖
𝑠𝑖𝑚|

𝑛𝑡
𝑖=1 (20) 

𝑅2 = 1 −
∑ (𝐶𝑖

𝑜𝑏𝑠−𝐶𝑖
𝑠𝑖𝑚)

2𝑛𝑡
𝑖=1

∑ (𝐶𝑖
𝑜𝑏𝑠−𝐶𝑖

𝑠𝑖𝑚̅̅ ̅̅ ̅̅ ̅̅ )
2𝑛𝑡

𝑖=1

(21) 

4. Results and Discussion

The study considered for evaluating the performance of the proposed surrogate optimization 

model is presented in Figure 1a. It consists of a hypothetical confined aquifer of dimension 400m × 

250m. The flow in the aquifer is in the west to east direction with seepage velocity of 0.42m/day. The 

dispersivities in x-and y- directions are 50m and 5m respectively. The porosity of aquifer medium is 

0.3. There are 4 possible contamination sources located in the aquifer as shown in Figure 1b. The 

contaminants released by the suspected sources are conservative in nature and thus represented as total 

dissolved solids (TDS). The sources are of continuous type. The migration of contamination plumes 
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from the contamination sources occurs through advection and dispersion processes. The dispersion 

coefficients are estimated using seepage velocity and dispersivities as per Equation 5 and 6. The 

locations of the 6 observation wells are shown in Figure 1b. The aquifer is assumed to be in pristine 

condition before the beginning of contamination. The overall contamination period of 2 years is divided 

into 4 equal stress periods (SP1, SP2, SP3 and SP4). The contamination release history from these sources 

is presented in Table 1. 

Figure 1 a) Schematic diagram of problem domain b) Spatial discretization of the domain in RPCM 

long with source locations and observation points 

Table 1 Contamination release history at the source locations 

Stress period 
TDS injected by source (ppm) 

S1 S2 S3 S4 

SP1 1 12 23 20 

SP2 0 7 3 20 

SP3 12 13 5 25 

SP4 6 8 21 2 

The RPCM model is developed using 41×26 nodes having nodal distance (dc) of 10m.  The 

radius of the local support domain is fixed to be 5× dc. The shape parameters of MQ-RBF are fixed as 

q=0.98 and α=5. The model was run for a simulation period of 2 years with a time step of 5 days. The 

spread of contaminant in the aquifer in different stress periods for release history presented in Table 1 

is presented in Figure 2. From Table 1, it is evident that no contaminant is released from the suspected 

contamination source S3. 
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Figure 2 The spread of TDS in the aquifer at the end of different stress periods 

The Kriging surrogate model is developed in the SMT (Bouhlel et al., 2019) tool using the 

methodology presented in section 3. The model is trained using 400 samples and its accuracy is tested 

on 100 samples. It is observed that the coefficient of determination (R2) for both training and testing 

data sets are approximately equal to 1 (See Figure 3) which indicates that the surrogate model accurately 

simulates the concentrations at the observation wells for given releases at the source locations. 

Moreover, the time required per simulation using the KS model is 0.781 × 10-3 seconds compared to 4 

seconds using the RPCM simulation model. Hence, the computational time required is reduced by 5121 

times by using the surrogate model. Note that the models are developed in a system having Core i5–

5200U processor, 2.2GHz CPU and 8GB RAM. This is beneficial for the optimization process as it 

allows for a large population of the swarm in the optimization algorithm for each iteration. This helps 

in minimising the objective function effectively without getting trapped in local optima. 

Figure 3 The correlation between RPCM simulated and KS model predicted data for training data set 

(left) and testing dataset (right) 
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Figure 4 Convergence curve for KS-PSO model 

The PSO optimization algorithm is linked with Kriging surrogate model. The parameters 

related to the algorithm i.e. k, c1 and c2 are fixed as 0.5, 1 and 1 respectively. The population size is 

provided as 500 and the maximum iteration number is fixed 1000. The Kriging-PSO model is run till 

the stopping criterion i.e. maximum number of iterations is reached. The variation of objective function 

value with respect to the iteration number is presented in Figure 4. In this study, the RPCM simulated 

concentrations at the observation wells are treated as observed concentrations i.e. Cobs. The actual and 

predicted values of source strengths at different stress periods are compared in Figure 5. AN excellent 

match between KS-PSO estimates and actual release concentrations at the source locations is observed. 

The error indicators MAE and R2 are presented in Table 2. It is observed that the maximum value of 

MAE is 3.33 ppm and the minimum value of R2 is 0.999. This indicates that the proposed KS-PSO 

model  

Table 2 Performance of KS-PSO model at different potential source locations 

Source 
Error indicators 

MAE(ppm) R2 

S1 3.33 0.999 

S2 0.19 1.000 

S3 0.00 - 

S4 0.02 1.000 
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Figure 5 Comparison of KS-PSO model predictions with Actual values of contaminant release at 

different potential source locations 

5. Conclusions

Contaminant source identification is essential for efficient remediation design and water resources 

management. However, it is challenging to locate the sources and estimate the release history of 

contaminants. In this study, a KS model is used to replace the computationally expensive simulation 

model. This approach not only reduces the computational burden but also allows for a larger population 

of candidate solutions in the optimization algorithm which helps in reaching the global optimum 

solution. The KS model is trained using the training dataset set prepared from a meshfree RPCM 

simulation model. The injection rates at the possible source locations for different stress periods are 

used as input and corresponding concentrations at the observation wells are considered as output. For 

the problem considered in this study, the R2≈1 for both training and testing data sets which denotes that 

the KS model accurately approximates the RPCM simulation model. The KS-PSO model is employed 

for the estimation of contaminant release history at source locations. It is observed that accurately 

estimates the release histories at 4 suspected source locations with the maximum value of MAE is 3.33 

ppm and the minimum value of R2 is 0.999. The study shows that the KS-PSO model accurately can be 

used for source identification problems. 
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Abstract 

This research aims to assess the groundwater quality at gram panchayat level for drinking and agricultural 

purposes in Phagi block of Jaipur district. In order to evaluate the physico-chemical characteristics of groundwater, 

19 sampling stations were examined to understand the spatial and temporal variations using Geographical 

Information System (GIS) during 2012 to 2018. The suitability of groundwater for drinking purpose is evaluated 

with different parameters viz.  pH, Electrical conductivity (EC), Total dissolved solids (TDS), Total hardness 

(TH), Fluoride and Chloride. However, different water quality indices namely sodium adsorption ratio (SAR), 

sodium percent (Na%), permeability index (PI) and magnesium hazard (MH), were applied to evaluate the 

irrigation suitability of groundwater. A GIS-based Inverse distance weighted (IDW) interpolation method is used 

for preparation of thematic maps for different groundwater quality parameters. The spatio-temporal results reveal 

that groundwater is not suitable for drinking with respect to pH (alkaline), very hard water (up to 1165 mg/l), EC 

(up to 6400 µmhos/cm), and very high TDS values (above 1000 mg/l) in most of the panchayat except in some 

parts of Mohanpura (842 mg/l), Chittora (867 mg/l) and Dabich (934 mg/l) during study period. Higher 

concentrations of fluoride (0.24 to 6.48 mg/l) and chloride (21 to 1886 mg/l) were also indicating groundwater 

contamination. Temporal change (2012 to 2018) shows that drinking water quality is deteriorating in most of the 

panchayats of Phagi, except northern part. Fluoride concentration also indicates the increasing trend in 25 

panchayats out of 32 panchayats during the study period. Most of the panchayat falls in the suitable range for 

irrigation purpose based on SAR and PI values. On the other hand Na% and magnesium hazard indices indicate 

that Phagi block falls in the unsuitable category as Na% values vary from 23.9 to 82.2 % (2012), 33.8 to 96.1% 

(2015) and 60.8 to 91.5 % (2018); however MH values falls in the range of 56.52 to 87.88 % (2012), 26.15 to 

89.80 % (2015) and 23.81 to 92.86 % (2018) in the study area. Spatio-temporal variation reveals that deterioration 

of groundwater quality triggering threat to public health hence immediate remedial action is essential. 

Keywords: Groundwater quality; SAR; Permeability index; GIS; Phagi 

1. Introduction

In the last few decades, availability of fresh water is at a greater risk due to increased population, 

urbanization, industrialization and use of fertilizers. In this context, absence of fresh surface water 

resources leads the over exploitation of groundwater to meet the demand exerted by different human 

activities. Rajasthan state is characterized by the most arid and drought prone state of the country. 

Groundwater sources are used to meet the domestic water requirement of 91%, where as surface water 

for the remaining domestic water requirement. (GWR 2013). Hence, excessive ground water draft, 

lowering of water table and deterioration of groundwater quality is the common problem in the 

Rajasthan. In this regard, the knowledge of groundwater quality and its spatial and temporal variation 

is critical to understand the necessary management practices required for meeting drinking water 

standards and irrigation water quality for crops to maintain their productivity. Many research studies 

investigated the role of Geographic Information System (GIS) in analysis of spatial distribution of 

groundwater quality (Srivastava et al. 2012; Nayak et al. 2015; Verma et al. 2016). In this paper, an 

approach is formulated to ascertain the spatial and temporal changes for drinking and agricultural 

purposes in groundwater quality in Phagi block of Jaipur district during last 7 years based on their 

physio-chemical characteristics. Mapping of Spatially distributed major water quality parameters at 

gram panchayat level would be significantly useful for policy planners to take curative measures at local 

level. 
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2. Material and Methods

2.1 Study Area 

This study focuses on Phagi block (Figure 1) of Jaipur district in Rajasthan state of India. Total area of 

Phagi block is 1,114.3 km2 and average elevation is 383 m. Phagi block is located about 51 km far from 

Jaipur main city area. Bandi river and Masi river flows through Phagi, which remains dry most of the 

time. According to 2011 Census, there are 32 gram panchayat, 169 villages, 22,713 households with 

total population of 161,610. The population density is 145 per km2. The climate of Phagi is semi-arid 

and characterized with mild winter and hot summer. The minimum and maximum temperatures 

recorded vary from 5o to 48o Celsius. The average rainfall is 564 mm per annum. The common kharif 

crops are groundnut, bajra, kharif pulses and rabi crops are wheat, mustard, barley and gram.   

Figure 1 Location map of the study area 

2.2 Data Collection 

The groundwater quality data was collected for pre-monsoon period from State Ground Water 

Department (SGWD), Jaipur during 2012 to 2018 for different sampling locations within the Phagi 

block, which are shown in Figure 1. The source of all the 19 sampling locations was wells, bore wells 

and hand pumps used for drinking, domestic, and agriculture reasons. The sampling locations were 

plotted in GIS environment using World Geodetic System (WGS) 1984 as datum and Universal 

Transverse Mercator (UTM) Zone 43 North as projection system. Different physico-chemical 

parameters were analysed and plotted viz. pH, electrical conductivity (EC), total dissolved solids (TDS), 

total hardness (TH), Fluoride and Chloride. Different water quality indices namely sodium adsorption 

ratio (SAR), sodium percent (Na%), permeability index and magnesium hazard, were also calculated to 

assess the suitability of groundwater for irrigation purpose at gram panchayat level using spatial analyst 

tool in the GIS software. Spatial data are interpolated using inverse distance weighted (IDW). In the 

IDW method, it computes a value for each node of grid by investigating nearby data points that comes 

within a radius defined by user-defined (Burrough and McDonnell 1998). Other thematic layers viz. 

district boundary, tehsil boundary and panchayat boundary and main rivers were also generated in GIS 

environment. The groundwater suitability was evaluated for agricultural purposes using comparative 

values of different water quality parameters as per World Health Organisation (WHO 2004) and Indian 

standard specification (ISI 1993) guidelines for drinking water.  
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3. Results and Discussions

In order to have sustainable development in Phagi block, a proper groundwater quality assessment has 

to be carried out at panchayat level in GIS environment. Hence, the suitability of groundwater has been 

evaluated in a semi-arid region wherein the people are dependent on the groundwater for their domestic 

and agriculture needs. 

3.1 Drinking water suitability assessment 

The results indicate that pH value of the water sample ranges from 7.8–9.2 during the study period. 

Figure 2a illustrates the spatial and temporal variations of pH in the study area during 2012 to 2018.  

Figure 2 Spatial variations in drinking water quality during 2012-2018 (a) pH (b) EC 

The standard pH value for drinking water is specified as 6.5–8.5 (WHO 2004; ISI 1993). The 

groundwater samples in the study area are alkaline in nature and indicate very high pH in Chakwara, 

Chittora, Madhorajpura and Choru panchayat in 2012 only.  

Figure 3 Spatial variations in drinking water quality during 2012-2018 (a) TDS (b) Fluoride 
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Electrical conductivity (EC) is used to measure the water capacity to pass on electric current and the 

limit of EC for drinking water is approved as 1,500 µmhos/cm (WHO 2004). Spatial distribution results 

of EC (Figure 2b) imply salts enrichment in the groundwater of study area with very high EC values. 

The classification of EC can be defined as type I, if the salts enrichment is low (EC<1,500 µmhos/cm), 

type II for salts enrichment as medium (EC 1,500-3,000 µmhos/cm), and type III, if the salts enrichment 

is high (EC>3,000 µmhos/cm). Spatial variation of EC indicates that all the panchayat lies in type II 

and type III category in year 2018. 

Figure 4 Spatial variations in drinking water quality during 2012-2018 (a) TH (b) Chloride 

The TDS value varies between 172 mg/l and 3729 mg/l in the study area. The acceptable limit of TDS 

for drinking purpose is specified as 500 mg/l. According to the Davis and De Wiest (1966) 

classification, groundwater with 500-1000 mg/l TDS is permissible for drinking, TDS <3000 mg/l 

useful for irrigation; however >3000 TDS unfit for drinking and irrigation both. Spatio-temporal 

variations (Figure 3a) implies very high TDS values (above 1000 mg/l) in most of the panchayat during 

the study period and indicate that water is not suitable for drinking purpose in Phagi block (year 2018) 

except in some parts of Mohanpura (842 mg/l), Chittora (867 mg/l) and Dabich (934 mg/l). The increase 

in TDS values may be attributed to the percolation of domestic sewage into groundwater.  

Table 1 Physico-chemical characteristics of the groundwater of the Phagi block 
Parameters WHO International 

Standards 2004 

Indian Standard  

(ISI 10500, 1993) 

Range in the study area 

Most 

desirable 

limit 

Max. 

allowable 

limit 

Highest 

desirable 

Max. 

permissible 

2012 2015 2018 

Min. Max. Min. Max. Min. Max. 

pH 6.5 8.5 6.5-8.5 6.5-9.5 8.0 9.2 7.8 8.2 7.8 8.6 

EC 

(µmhos/cm) 

1400 - - - 810 6000 290 4500 1500 6400 

TDS (mg/l) 500 1500 500 2000 389 3329 172 2693 842 3729 

Fluoride 

(mg/l) 

1.0 1.5 1.0 1.5 0.24 5.16 0.3 3.0 0.94 6.48 

TH as 

CaCO3 

(mg/l) 

100 500 300 600 115 1165 80 720 60 1085 

Chloride 

(mg/l) 

200 600 250 1000 50 1886 28 1269 21 1716 
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The fluoride ion concentrations in the study area were ranged from 0.24 to 6.48 mg/l (Figure 3b). The 

acceptable limit of fluoride is 1.0 mg/l according to drinking water standards. Very high concentration 

of fluoride ion (>6.0 mg/l) was observed in Mohanpura, Chittora, Chandama kalan, Madhorajpura and 

Mandawari panchayat in 2018, which may cause skeletal damage in children and adults (Sharma et al. 

2015). The present study indicates that the total hardness of the water sample ranges from 60 mg/l to 

1165 mg/l in Phagi block. According to Sawyer and McCarty (1967) groundwater is classified based 

on TH; this indicates that groundwater is considered as soft with TH <75 mg/l, moderate hard with 75–

150 mg/l, 150–300 mg/l as hard and >300 mg/l as very hard. The spatial temporal distribution maps of 

TH (Figure 4a) indicate that during 2015 and 2018, more than half of the panchayat of Phagi block 

exceeded the desirable limit (300 mg/l) of TH. In 2018, very hard groundwater (between 375-1085 

mg/l) was observed in Chakwara, Pachala, Choru, Nareda, Ladana, Gohindi, Mador, Kansel, Rotwara, 

Sawai Jaisinghpura, Mandi, Parwan, Lasadiya and Nimeda panchayat of Phagi block. 

The concentration of chloride ranged from 21 to 1886 mg/l (Figure 4b). The desirable limit of chloride 

is specified as 200 mg/l for drinking water (WHO 2004; Table 1). The high concentration of chloride 

is observed in all the panchayat except Mohanpura (21 mg/l), Chittora (71 mg/l) and Renwal (149 mg/l) 

in 2018. The excess of chloride is considered as index of pollution and indicates groundwater 

contamination (Loizidou and Kapetanios 1993; Sarath Prasanth et al. 2012) in Phagi block. Table 2 

shows the result of drinking water suitability for all the 32 panchayats of phagi block during study 

period. 

Table 2 Drinking water suitability of the Phagi block (2012-2018) 
Drinking 

water 

quality 

Parameters 

Number of Panchayats 

2012 2015 2018 

Suitable Partially 

suitable 

Un- 

suitable 

Suitable Partially 

suitable 

Un- 

suitable 

Suitable Partially 

suitable 

Un- 

suitable 

EC 

(µmhos/cm) 

2 8 22 3 9 20 0 0 32 

TDS (mg/l) 14 8 10 3 11 18 0 4 28 

Fluoride 

(mg/l) 

1 4 27 9 13 10 0 0 32 

TH as 

CaCO3 

(mg/l) 

29 3 0 13 9 10 12 9 11 

Chloride 

(mg/l) 

1 7 24 0 8 24 0 4 28 

3.2 Irrigation suitability assessment 

Suitability of groundwater for irrigation purpose was determined using different indices such as sodium 

percentage (Na%), sodium absorption ratio (SAR), magnesium hazard (MH) or magnesium adsorption 

ratio (MAR) and permeability index (PI). SAR is a measure of sodium hazard to the crops and it can be 

estimated by the equation (1): 

𝑆𝐴𝑅 =
𝑁𝑎+

√(𝐶𝑎
2++𝑀𝑔2+)

2

 (1) 

where sodium, calcium, and magnesium are in meq/l. High SAR values may lead to reduce the ability 

of the soil to form stable aggregates, loss of soil structure and also reduce the infiltration and 

permeability of the soil, this causes decline in crop production. The groundwater quality based on SAR 

values were categorized into excellent (<10), good (10-18), doubtful (18-26) and unsuitable (>26) 

respectively. The SAR values in the Phagi block vary from 1.14 to 18.94 (2012), 1.15 to 48.08 (2015) 
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and 6.22 to 20.01 (2018). The spatial and temporal distribution (Figure 5a) of SAR values indicate that 

water quality of Mandor panchayat is found unsuitable (SAR >26) for irrigation purpose, however 

Sawai Jaisinghpura, Rotwada, Kansel, Pachala and parts of Jhadla and Madhorajpura lies in doubtful 

category in 2015. The SAR values for all the panchayat are found within the range of excellent to good 

category in 2018 except Renwal, Mandawari and parts of Jhadla and Madhorajpura, which come under 

doubtful category.The sodium percent (Na%), is another important parameter for assessing the 

suitability of groundwater for irrigation purpose. Na% values were calculated by the following equation: 

𝑁𝑎% = 𝑁𝑎+ × 100/[𝐶𝑎2+ +𝑀𝑔2+ +𝑁𝑎+ + 𝐾+]  (2)    

Where all ionic concentrations are expressed in meq/l. The groundwater quality based on Na% was 

categorized into excellent (<20), good (20-40), permissible (40-60), doubtful (60-80) and unsuitable  

Figure 5 Spatial variations in drinking water quality during 2012-2018 (a) SAR (b) Na% 

 (>80) respectively (Wilcox 1955). The Na% values in the Phagi block vary from 23.9 to 82.2 (2012), 

33.8 to 96.1 (2015) and 60.8 to 91.5 (2018). The spatio-temporal variations (Figure 5b) of Na% values 

indicate Renwal, Harsuliya, Mohanpura, Chittora, Jhadla, Madhorajpura, Mohabbatpura, mandawari 

and Chandma kalan fall in the unsuitable (Na% >80) category for irrigation purpose. 

Permeability index (PI) has been developed by Doneen (1964), to assess water movement capability in 

the soil. Soil permeability is influenced by the long-term use of irrigation water (with a high 

concentration of salt) and affected by Na+, Ca2+, Mg2+ and HCO3
− ions of the soil. PI is calculated by 

the following equation: 

𝑃𝐼 =
𝑁𝑎++√HCO3

−

𝐶𝑎2++𝑀𝑔2++𝑁𝑎+
× 100       (3) 

here all the ion concentrations are expressed in meq/l. PI can be categorized into three classes: class I 

(>75%, suitable), class II (25–75%, good) and class III (<25% unsuitable). Class I and class II is 

recommended for irrigation. According to the permeability index values, Phagi block falls in suitable 

and good category (Figure 6a). The spatial ditribution map of PI values indicates that except Phagi 

(63.63 %) and Lasadiya (54.05 %), all the panchayats have suitable soil permeability in 2012. However, 

southern part of phagi was influenced by reduced permeability as it varied from 51.6 % to 100 % in 

2015. The PI values were >75 % in all the panchayats of Phagi block except Nimeda (73.63 %) and 

parts of Prawan (74.22 %) in 2018. 
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Figure 6 Spatial variations in drinking water quality during 2012-2018 (a) PI (b) MH 

The groundwater may damage the soil quality due to high concentration of magnesium, as soil becomes 

alkaline and causes decline in crop yield (Ramesh and Elango 2012; Gautam et al. 2015). Hence, 

measurement of magnesium hazard index is also necessary for evaluation of irrigation suitability. 

Magnesium hazard index was developed by Paliwal (1972) as shown in equation (4): 

𝑀𝐻 =
𝑀𝑔2+

𝐶𝑎2++𝑀𝑔2+
× 100  (4) 

Here all the concentrations of ion are expressed in meq/l. MH ratio is categorized into two classes 

suitable (MH <50 %) and unsuitable (MH >50 %) for irrigation purpose. The magnesium hazard values 

falls in the range of 56.52 to 87.88 % (2012), 26.15 to 89.80 % (2015) and 23.81 to 92.86 % (2018) in 

the study area. Spatial distribution variation (Figure 6a) indicates that Phagi block falls in the unsuitable 

category with magnesium hazard (>50 %), except for some panchayats viz Mohanpura (23.81 %), 

Jhadla and Madhorajpura (44.83 %); parts of Phagi panchayat (45 %), Chakwara (47.15 %), Dosara and 

Didawata (47.37 %) in 2018. The evaluation illustrates that high concentration of magnesium in 

groundwater may have adverse effect on the crop yield. Table 3 shows the result of irrigation suitability 

for all the 32 panchayats of phagi block during study period. 

Table 3 Irrigation suitability of the Phagi block (2012-2018) 
Irrigation 

water 

quality 

Parameters 

Number of Panchayats 

2012 2015 2018 

Suitable Partially 

suitable 

Un- 

suitable 

Suitable Partially 

suitable 

Un- 

suitable 

Suitable Partially 

suitable 

Un- 

suitable 

EC 

(µmhos/cm) 

25 4 3 20 7 5 19 5 8 

TDS (mg/l) 31 1 0 32 0 0 30 2 0 

TH as 

CaCO3 

(mg/l) 

29 3 0 13 9 10 12 9 11 

SAR 32 0 0 29 3 0 32 0 0 

Na% 30 2 0 23 8 1 17 10 5 

PI 32 0 0 32 0 0 32 0 0 

MH 0 0 32 2 6 24 0 9 23 
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3.3 Impact of groundwater quality on population 

In order to evaluate the impact of groundwater quality on population, the change analysis (2012-2018) 

was performed for drinking water parameters at panchayat level in Phagi block. Drinking water analysis 

results indicate that there was rise and drop in the concentration of different water quality parameters 

in last 7 years. Hence change during the study period was examined using geospatial database from 

2012-2018 for evaluation of groundwater quality deterioration in Phagi block and its impact on 

population at panchayat level. Figure 7a and 7b depicts the changes in drinking water quality during the 

study period (2012-2018). Result shows that EC, TDS and chloride have almost same pattern and their 

concentration is adversely affecting all the panchayats of Phagi except Renwal, Mohanpura, Chittora 

and parts of Harsuliya, Gohindi, Jhadla, Peepla, Pahadia and Mohabbatpura. This increase in EC, TDS 

and chloride clearly indicates deterioration of groundwater quality due to domestic sewage percolation 

into groundwater and causing groundwater contamination. 

Figure 7a Spatio-temporal variations in drinking water quality from 2012-2018 

Figure 7b Spatio-temporal variations in drinking water quality from 2012-2018 

Figure 7a depicts that hardness is increasing in all the panchayats except some parts of Renwal, 

Mohanpura, Chittora, Harsuliya, Jhadla, Madhorajpura, Bhankrota, Dabich, Chandma kalan and 

Parwan. Fluoride concentration (Figure 7b) is also indicating increasing trend in Phagi block except 

Nimeda, Choru, Lasadia, Dosara, Didawata, Kansel and central part of Phagi panchayat.  
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Figure 8 indicate the number of persons affected by high concentration of different drinking water 

quality parameters, which is not suitable for drinking purpose and it is analyzed at panchayat level of 

phagi block. Total population of Phagi block is 1,95,577 (year 2019-2020), out of which 1,77,593 are 

affected by incraese in EC and TDS, however increase in TH affecting 1,53,591 people adversely. 

Number of persons affected by high concentration of chloride and fluoride are 1, 69,119 and 1, 55,521 

respectively. Though some of the panchayats of Phagi block are receiving water supply from Bisalpur 

dam, which is irregular (2-3 days) and villagers have to depend on ground water for their domestic 

needs. Hence the adverse impact of contaminated groundwater in Phagi block can not be ignored. 

Figure 8 Impact of drinking water quality parameters on Population at panchayat level 

3. Conclusions

This study evaluated the groundwater quality for drinking and irrigation suitability on the basis of 

standard guidelines. Spatial and temporal distribution maps of various parameters are used to determine 

the groundwater suitability at panchayat level in a comprehensive manner. The interpretation reveals 

that groundwater is alkaline in nature and medium to higher EC in the study area specifies the 

enrichment of salts in the groundwater. Very high TDS and fluoride values are detected in most of the 

panchayat of Phagi block. The increase in TDS may be attributed to the domestic sewage percolation 

into groundwater. The analytical result point outs that the groundwater in the study area is very hard, 

due to the occurrence of alkaline earths such as calcium and magnesium. Higher concentration of 

chloride is observed in all the panchayat except Mohanpura, Chittora and Renwal; this excess of 

chloride indicates groundwater contamination. Results reveal that groundwater is not suitable for 

drinking purpose in Phagi block. The irrigation suitability has been assessed using different indices 

indicating that the SAR values are found within the range of excellent to good category, however Na% 

values fall in the unsuitable category for irrigation in Renwal, Harsuliya, Mohanpura, Chittora, Jhadla, 

Madhorajpura, Mohabbatpura, mandawari and Chandma kalan. The water movement capability in the 

soil falls in suitable category, oppositely very high concentration of magnesium was observed in the 

study area which can adversely affect the agricultural yield. The impact of groundwater quality on 

population shows that large number of population affected by high concentration of chloride, TDS and 

fluoride in the study area. Therefore special attention needed by the local authorities to overcome these 

water quality issues in the phagi block. 
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Abstract 

Enhanced spreading in porous media is a topic of current interest for researchers working in the area of in-situ 

groundwater remediation. Spreading in aquifers takes two main forms, viz., passive spreading that takes place as 

a result of inherent heterogeneity or anisotropy of the aquifer, and active spreading that are induced by time-

varying flow fields generated with the aid of external forces. Engineered Injection and Extraction (EIE) is a 

novel method of active spreading which is used to enhance the spread of reagents within an aquifer during in-

situ groundwater remediation. This method enhances the spread of reagents in aquifers by stretching and folding 

of contaminant reagent interface through flow perturbations created from the sequential injection and extraction 

of freshwater in wells around the treatment area. This work investigates the combined effect of active and 

passive spreading in porous media through three-dimensional numerical simulations using Visual Modflow 

Flex, a groundwater modelling software. The behaviour of a contaminant reagent interface during EIE is 

examined by varying the hydraulic conductivity values in three-dimension and thus incorporating heterogeneity 

and anisotropy. The simulation results showed significant enhancement in spreading when EIE was applied to a 

three-dimensional, anisotropic, heterogeneous porous media compared to a similar homogeneous, isotropic 

porous media. It was found that contrast in hydraulic conductivity because of heterogeneity and anisotropy plays 

a key role in enhancing the spread during EIE.  

Keywords: EIE; Active and Passive spreading; Aquifer; Heterogeneity; Anisotropy 

1. Introduction

In-situ groundwater remediation techniques have gained much attention in this era of increasing 

pollution rate because of its convenience when compared to ex-situ technologies. The effectiveness of 

such techniques in remediating contaminated aquifers depends upon the rate of spreading of treatment 

reagents. The steady, laminar nature of groundwater flow is a setback in terms of the amount of 

passive spreading taking place in aquifers ( Piscopo et al. 2011; Speetjens et al. 2019). Usually during 

in-situ remediation (eg: chemical oxidation), the reaction is limited to the mere interface between the 

contaminant and the treatment reagent leading to incomplete and inefficient remediation. Engineered 

Injection and Extraction (EIE) is an active spreading protocol which is capable of increasing 

spreading of reagents in an aquifer. In this method, a suitable reagent is injected into the contaminated 

aquifer through a central injection well and a series of random injection and extraction of freshwater is 

performed in a set of wells around the contaminant. These random pumping and injection stretches 

and folds the contaminant-reagent interface thereby increasing spreading in aquifers (Mays & 

Neupauer, 2010).  

The spreading is a result of flow perturbations created within the aquifer known as chaotic advection. 

Chaotic advection is a special class of flow that creates velocity variations leading to unsteady flow 

fields in the region of concern (Ottino 1990). EIE is a technology that is capable of transforming the 

regular advection in groundwater flow into chaotic advection. A handful of studies related to EIE and 

chaotic advection has been reported in the literature. The studies reported by Mays and Neupauer 
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(2010) and Mays and Neupauer (2012) showed the effectiveness of EIE in increasing spreading 

within porous media. Further, the capability of EIE in enhancing reaction between contaminants and 

reagents was reported by  Piscopo et al. (2013). 

Spreading in porous media significantly depends on the structure of flow, thus making the structural 

heterogeneity a prime factor of concern in such studies (Dagan and Nguyen 1989). Real aquifer 

systems are heterogeneous and anisotropic and these properties exist in all spatial dimension. Hence, 

any studies related to spreading in porous media will be complete only if all the above-mentioned 

factors are considered. The effect of heterogeneity in enhancing spreading in the context of EIE has 

been reported in literature. Piscopo et al. (2013) and Neupauer and Mays (2015)  studied the 

behaviour of plume spreading in response to EIE in a heterogeneous porous media and reported 

increased mixing and reaction due to heterogeneity. But these studies are limited to two-dimension 

and has not considered the effect of heterogeneity and anisotropy on spreading in response to EIE in 

three-dimension. This paper aims to explore the effect of EIE in a three-dimensional heterogeneous 

and anisotropic aquifer.  

2. Methodology

2.1 Conceptual Model definition 

The model used in this study is a three-dimensional extension of an existing two-dimensional model 

reported by Mays and Neupauer, 2012. A confined aquifer of  300.25 m x 300.25 m wide surface and 

10m depth was considered for the conceptual modelling. Spreading in aquifer in response to EIE was 

simulated by using a circular array of particles representing the contaminant reagent interface. 500 

particles constituting a circular array of 6.25m radius was provided at the centre of the domain as 

shown in Figure 1. An ambient groundwater flow was maintained in the east-west direction. Four 

wells were placed equidistant (25m) from the centre of the domain as shown in Figure 1. EIE was 

employed by using this four well system with injection and extraction performed according to the 

schedule given in Table 1. Negative value of pumping rate indicates the injection cycle and the 

positive value indicates the extraction cycle. Each cycle is having a duration of 6.25 days. One and 

only one well operates during each cycle. 

Figure 1: Plan view of four well arrangement for EIE around the contaminant-reagent interface 
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Figure 2: Three-dimensional view of EIE 

Table 1: EIE Pumping schedule (Adapted from Piscopo et al. 2013) 

Slno Duration(days) Active well Injection-extraction rate 

(m3/day) 

1 0 - 6.25 W 875 

2 6.25   -  12.5 E 875 

3 12.5   -  18.75 W -250

4 18.75 -  25 E -750

5 25 - 31.25 W -400

6 31.25 -  37.5 E -350

7 37.5   -  43.75 S 875

8 43.75 -  50 N 875

9 50 - 56.25 S -250

10 56.25 -  62.5 N -750

11 62.5   -  68.75 S -400

12 68.75 -  75 N -350

To study the effect of heterogeneity, a random heterogeneous field with Ln(K) (Natural logarithm of 

hydraulic conductivity, K) values as shown in Figure 3 was assigned. Random Ln (K) values were 

generated in a spreadsheet using the ‘randombetween()’ function and the variance of Ln(K) was 

maintained as 0.5 using ‘solver’. Value of K at each point was calculated from Ln (K) values and 

heterogeneous surface was then generated from these point values by using ordinary kriging in Visual 

Modflow flex surface generator. This surface was used to assign conductivity properties into the 

model. 
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Figure 3: Random Ln(K) surface 

2.2 Numerical Model definition 

The governing equation for transient groundwater flow in three-dimension with pumping and 

injection is given by : 

𝑆𝑠
𝜕ℎ

𝜕𝑡
= 𝛻𝐾𝛻ℎ + ∑ 𝑄𝑗(𝑡)𝛿(𝑋 − 𝑋𝑗)

5
𝑗=1 (1) 

Where, K represents the conductivity tensor (L/T) which incorporates heterogeneity and anisotropy 

into the model, 𝑆𝑠 represents the specific storage, groundwater head is represented by h, 𝛻ℎ represents

the gradient, 𝑄𝑗 represents the active well’s injection rate, X is spatial coordinate (x,y,z), Xj is the

position of active well j and 𝛿() is the Dirac delta function.  

Constant head boundary conditions were assigned along the east and west boundaries to create a 

hydraulic gradient of 0.01 and groundwater flow velocity of 0.02m/day. The other two boundaries 

were assigned as no-flow boundaries. Injection and extraction were incorporated by assigning 

pumping well boundary condition. Wells were assumed to be fully screened thus simulating full depth 

penetration of wells. Equation (1) was solved by using Visual Modflow Flex, a groundwater 

modelling software based on finite difference approximation (Harbaugh et al., 2000). Spreading was 

modelled by forward particle tracking with MODPATH, a post-processing package in Visual 

Modflow flex. Model was run in transient state after initializing with a steady state run of one day. 

3. Results and discussions

EIE is a proven novel technique for enhancing spreading in aquifers. In this study, the effect of 

heterogeneity and anisotropy on spreading in response to EIE is evaluated through particle tracking. 

The circular array of particles representing the contaminant – reagent interface, tend to stretch and 

fold in response to the injection/extraction cycles performed in the wells surrounding it during EIE. 
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Figures 4 and 5 show the position of particles representing contaminant-reagent interface at two 

sample time steps. It can be seen that the circular array of particles show a peculiar difference in their 

response to EIE under homogeneous and heterogeneous condition. The pattern of circular interface 

gets more distorted and scattered under the effect of heterogeneity. This distortion and scattering of 

particles owing to heterogeneity cause an increase in the total spread of particles within the porous 

media. Thus, it can be said that the heterogeneity compliments the effect of EIE in spreading. 

Figure 4: Position of interface under homogeneous condition 

Figure 5: Position of interface under heterogeneous condition 

When the total path travelled by the particles are traced, the resulting trajectories are as shown in 

Figures 6 and 7. This trajectory shows the total area of spread caused by the circular array of particles, 

representing the contaminant-reagent interface. It is to be noted that, during real field trials the 

spreading caused would be a multitude of what has been depicted in these figures. Figures 6 and 7 

shows the particle trajectories at the end of EIE simulation under homogeneous and heterogeneous 

conditions respectively. As it can be seen from the Figures, the total surface area of spread has 

increased when a heterogeneous field is given in the horizontal direction. In a heterogeneous field, the 

advective flow field is getting altered due to the contrast in conductivity from point to point. This flow 

excursions along with the flow perturbations created by EIE increases the total amount of spread. 

Hence the contaminant-reagent interface is getting elongated under the combined effect of active and 

passive spreading thereby increasing the potential of enhanced mixing during in-situ remediation. 
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Figure 6: Particle trajectories for a homogeneous isotropic aquifer 

Figure 7 : Particles trajectories for a heterogeneous domain 

3.1 Spreading in three-dimension 

Natural aquifer systems are intrinsically three-dimensional in nature and hydraulic conductivity values 

are expected to be anisotropic (Bellin et al. 2011). In this study, the conductivity in the vertical 

direction was kept 1/10th that of horizontal conductivity to include anisotropy into the model. Figure 8 

shows the comparison of vertical profile for homogeneous-isotropic and heterogeneous-anisotropic 

domain. It can be seen that the particles tend to spread along the vertical direction under 

heterogeneous condition. The combined effect of heterogeneity and anisotropy creates a high contrast 
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between conductivity in horizontal and vertical direction. This contrast is also a factor in increasing 

the spread in three-dimension. It is to be noted that Figure 8 is vertically exaggerated for the purpose 

of showing enhancement in spread with good clarity. However emphasis is given to the tendency of 

particles to spread in the vertical direction when heterogeneity is introduced. The Figure shows the 

trajectories arising from a single circular interface given at the centre of the domain in a single 

horizontal plane. They just indicate the nature of spread. In real situation where the interface would 

probably be a cylindrical surface, quite a large amount of intermixing between layers is expected. 

Heterogeneity and anisotropy play significant role in enhancing spreading in three-dimension which is 

evident from the comparison shown in Figure 8. 

Figure 8: Vertical profile of trajectories 

4. Conclusion

The study showed that heterogeneity and anisotropy enhance the spreading of particles in aquifers in 

response to EIE. It was observed that particles tend to spread across layers in the vertical direction 

under the effect of heterogeneity and anisotropy even though the induced flow is two-dimensional. 

The contrast in hydraulic conductivity in horizontal and vertical direction created as a result of 

heterogeneity and anisotropy was found to be a key factor responsible for enhancement in spreading. 

The presence of passive spreading in horizontal and vertical direction is in line with the observations 

in literatures that the spreading increases with heterogeneity and contrast in conductivities. The results 

demonstrated in this study is based on the behaviour of the contaminant-reagent interface in response 

to EIE under different conditions (homogeneity and heterogeneity). This interface is the region where 

the concentration gradient is expected to be the maximum. Therefore elongation of the interface in 

turn increases the surface area for dispersion, mixing and reaction to occur. Hence it can be concluded 

that the combined effect of active and passive spreading increases the rate of effective mixing, thereby 

serve the ultimate goal of in-situ remediation. 
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Abstract 

In the present study, the oblique wave transformation due to the multiple porous breakwater system is analysed. The 

proposed breakwater is a combination of vertical porous blocks and vertical barriers. Different structural 

configurations of the porous breakwaters are considered for the study and it includes porous blocks associated with 

(a) fully extended vertical barriers (b) surface piercing barriers and (c) bottom standing barriers. The study considers

the finite spacing between the porous structure and barriers for better wave trapping and the Darcy's law is followed

for the flow through porous media. The linear wave theory is adopted and the velocity potentials for the multiple

porous regions and open water regions are developed. The edge conditions at the interfaces of vertical barrier and

porous structure are considered and the eigenfunction expansion method is adopted to determine the wave

reflection/transmission characteristics. The complex dispersion relation proposed by Sollitt and Cross (1972) is

adopted to incorporate the resistance and reactance offered by the porous media. The study shows a significant

increase in wave energy damping with the increase of structural porosity. Further, the formation of standing waves

in the confined spaces results in achieving a global minima of wave reflection coefficient.

Keywords: Eigenfunction expansion method; Reflection coefficient; Transmission coefficient; Wave force, Darcy's 

law; Vertical barrier 

1. Introduction

The coastline is the clusters of human population because of the easy access to the oceans for the 

necessary resources. The coastline undergoes variation due to the constant erosion and accretion 

processes which occur due to the wave energy concentration, global warming, sea level rise and melting 

of Artic-Antarctic ice glaciers. conventional breakwater systems are being used for the coastal defence; 

which affects the aesthetical appearance. The beach profile is maintained by the natural processes such 

as erosion and accretion. The implementation of porous structures allows partial wave transformation 

through it and helps to maintain good beach profile. In the presence and absence of the leeward end wall, 

the researchers found the permeable plates and porous structures as good wave energy absorbers. The 

studies on wave interaction with porous structures is performed by various researcher to find better wave 

energy damping systems for the coastal protection as the porous breakwater system is observed efficient 

wave energy dissipation. Sollitt and Cross (1972) studied the wave reflection and transmission coefficient 

due to the porous structure incorporating the reactance and resistance offered by the breakwater system 

in the conventional dispersion relation. The results are validated with the experimental results and found 

to be in good agreement with the available results. Sulisz (1985) used Boundary Element Method (BEM) 

to study the reflection and transmission characteristics of a multi-layered trapezoidal breakwater. The 

wave transmission coefficient is observed to coincide with the experimental results where the reflection 

coefficient found to be higher than the experimental results. Dalrymple et al. (1991) adopted 

eigenfunction expansion method to study the wave scattering due to the porous structure. The direct 

analytical equations for the wave reflection and transmission coefficients is proposed considering the 

plane-wave and long-wave approximations.  

The wave energy dissipation due to a submerged porous breakwater of irregular cross-sectional area is 

analysed by Gu and Wang (1992). The Boundary Integral Element Method (BIEM) is considered for the 

analysis and the results are validated with experimental results. Mallayachari and Sundar (1994) used a 

numerical method to analyse a porous absorber which is placed on uniform seabed and sloping seabed. 

The reflection coefficient due to rectangular structure and seaside sloping are analysed in detail. The 

porous absorber placed on sloping bottom increases the energy damping as compared with the structure 
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placed on uniform seabed. Losada et al. (1996) conducted studies on the performance of submerged 

porous structure having finite width. The eigenfunction expansion method for both three-dimensional and 

two-dimensional models based on mild-slope equation for breakwater slope is incorporated and it is 

observed that the wave reflection is decreased with the increase in angle of incidence.  

In addition to the porous structure, the studies of the breakwater system considering the end wall 

conditions is also analysed by researcher in the recent decades. The wave transformation performed 

considering end wall yields good wave energy damping as well. Madsen (1983) studied a porous absorber 

(porous structure backed by wall) for long-wave approximation. Lorentz principle is adopted and the 

friction factor is solved. The effect of friction and porosity on the reflection coefficient is presented. The 

study on porous structure backed by wall has been extended by numerous authors. Koley and Sahoo 

(2017) introduced semi-circular breakwater kept on the impermeable and rubble mound bottom and a 

leeward permeable sloping wall. The study suggests that, for particular arc size of the breakwater, around 

90% wave energy damping is achieved.  

A significant study is performed for wave interaction with vertical porous barriers and the study resulted 

with good energy dissipation by the barrier systems. Burke (1964) analysed a submerged plane barrier 

kept in infinitely deep fluid. The Green’s function technique and Wiener Hopf technique is adopted to 

determine the velocity potentials in terms of discontinuity across the barrier. Losada et al. (1992) analysed 

oblique wave propagation past rigid vertical thin barriers. The barrier descending from water surface to a 

distance, a barrier with submerged horizontal slit, and an underwater barrier are considered for the study. 

The study observed that, with the increase of relative length of the barrier, the transmission coefficient is 

observed to be decreasing for all the cases. Losada et al. (1993) introduced an analytical method to find 

the efficiency of porous screen as wave dampers. The linear wave theory is adopted and the wave 

reflection coefficient is observed to be decreasing with increase in the incident wave angle.  With the 

variation in the finite spacing between the multiple porous screens, better wave trapping is achieved. 

Fugazza and Natale (1992) analysed a perforated breakwater in order to propose design formulas for a 

Jarlan-type breakwater. The wide-spacing between the perforated plates resulted in minimum wave 

reflection and higher wave energy damping. The numerical results are validated with the experimental 

results.  

In the recent years, the researchers adopted the combination of vertical barriers such as bottom standing 

barrier, surface piercing barrier, fully extended barrier as wave energy dampers and observed better wave 

energy damping. Sahoo et al. (2000) studied the wave trapping and the surface wave generations by 

vertical permeable barriers. Different fixed barrier configurations such as surface piercing barrier, barrier 

with a gap, fully submerged barrier and bottom standing barrier are considered. The eigenfunction 

expansion method along with the least square method is adopted and a decreased average pressure 

distribution on the porous wavemaker and channel end wall is observed to be decreasing with increase in 

the porous effect parameter. The barriers are found to be economical compared to conventional 

breakwaters. Karmakar and Guedes Soares (2014, 2015) analysed the bottom standing barriers and 

surface piercing barriers, adopting the least-squares approximation. The study suggests that the free-

clamped barrier enhances the wave energy damping. Koley and Sahoo (2017) analysed a vertical flexible 

permeable submerged membrane. The different membrane configurations are considered and the 

boundary value problem is solved by adopting the boundary element and eigenfunction expansion. The 

presence of flexible membranes yielded 45-50% of the wave energy dissipation. In certain situations, full 

wave reflection and zero transmission is observed. Behera et al. (2018) and Kaligatla et al. (2018) 

extended studies on vertical barriers considering seaside seabed variation. The eigenfunction expansion 

method is followed for the study the seabed variation by using the mild slope approximation. The wave 

transmission due to a porous block associated with thin porous barrier has been analysed by Krishna et 

al. (2019). The authors found that the standing wave formation in the confined region helped to achieve 

global minima in the wave reflection coefficient and also, the increase in the porosity of the structure 

enhances the wave energy damping. 
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Further, various experimental studies are conducted on porous barriers as wave energy absorbers. Kirkgöz 

(1990) conducted an experimental study on vertical wall placed on a 1/10 foreshore slope to determine 

the wall response to the wave breaking. The study found that the large wall deflections are caused due to 

longer-lasting low impact forces. Neelamani and Vedagiri (2002) performed experimental studies on 

wave interaction with partially immersed twin vertical barriers using physical model. The study found 

that the twin barrier exhibits better reduction of wave transmission and hence increased wave energy 

damping in the case of random waves than regular waves. Mani (2009) analysed the wave transformation 

due to a zig-zig porous screen using hydraulic test. The presence of submerged porous screen resulted in 

minor values of wave reflection and transmission coefficients and the experimental results exhibit a good 

agreement with the numerical results. 

The submerged structures are proven to be good for wave energy dissipation. The studies performed on 

single and multiple structures are either emerged or submerged. The study on combined barrier and porous 

structures are very limited. The breakwater efficiency is evaluated by calculating the reflection-

transmission coefficients.  These coefficients depend on the various parameters such as wave period, 

wave length, wave height and angle of incidence. The researchers derived various theoretical solutions 

for determining reflection and transmission coefficients for the structures of rectangular cross-sections. 

In the present study the oblique wave transformation due to the combination of porous block and barriers 

is discussed. The analysis of vertical barrier away from the porous structure is performed. The 

configurations include multiple porous blocks associated with (a) fully extended vertical barrier (b) 

bottom standing barrier and (c) surface piercing barrier. The reflection and transmission characteristics 

are presented. The wave energy dissipation by the porous breakwater system is adopted and obtained 

better wave energy damping for the proposed porous breakwater systems. 

2. Mathematical formulation

The oblique wave transformation due to multiple porous blocks associated with multiple vertical barriers 

in the finite water depth is analysed. The incident wave is assumed to be propagating with an angle of 

incidence   and impinging the vertical barrier at 0x   as in Fig. 1(a-c). The flow is considered as time 

harmonic and the velocity potential functions in different regions are represented in the form of 
i( )

1( , , , ) Re (x,y)e lz t

j x y z t        along with surface deflection  ,
j

x t    Re
i t

j
x e


 where Re

denotes the real part with
10 sinl   , 

10 is the progressive wave number and   is angle of incidence.

The spatial velocity potential, ( , , )j x y z satisfies the Helmholtz equation in each of the region

1,2,...,7j  are given by

2 2
2

2 2
0,     for  1,2,....,7.jl j

x y

 


 
   

 
 (1) 

The bottom boundary condition is given by

0,   on  ,  .for  1,2,....,7 
j

y
y

jh


 


 (2) 

In each of the region, the linear free surface boundary condition is given by

0,    on  0,     for  1,2,....,7.
j

j jK y j
y





   


(3) 

where 2

jK g  for 1,2,4,5,7j  in the case of open water region, 

2

( )j j jK s if
g


  for 3,6j  in the

case of porous structure region and g is the acceleration due to gravity. At the interface
30,x b  , the 

vertical barrier condition is given by

1 10 1 2 1( ),    for  ,x bi G y a          and        
4 10 1 5 4( ),    for  ,x bi G y a       (4a) 
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The continuity of velocity at interface 30,x b   is given by 

1 2 ,      for    0 .x x y h    and   
4 5 ,     for 0 .x x y h    (4b) 

Figure 1(a) Wave interaction through fully extended porous blocks and barriers 

 

Figure 1(b) Wave interaction through fully extended porous blocks and surface piercing barriers 

 

Figure 1(c) Wave interaction through fully extended porous blocks and bottom standing barriers 

In the case of surface piercing and bottom standing barrier the continuity of pressure is given by 

1 2 ,      for      ,gy a   at 
30,x b  (4c) 

At the interface 
1 4, ,x b b   the pressure and velocity continuum due to the presence of multiple porous

blocks is given by 

2 2 3 2 2 3  and   ,x xG        and 
5 2 6 5 2 6  and   ,     0 .x xG y h        (5) 

At the interface 2 5, ,bx b   the pressure and velocity continuum due to the presence of porous block are

given by 

2 3 4 2 3 4and    ,x xG         and  
2 6 7 2 6 7   and    ,    0x xG y h        (6) 

where 
ba denotes the length of the barrier,  1 1 10 1 1 1/ ( )G k d f is  denotes the porous effect parameter 

(Yu and Chwang, 1994),  
1  is the porosity of barrier, 

1d is the porous block thickness, 
1f is the friction

factor due to the presence of the vertical barrier, 
1s is the inertia, 

2 is the porosity of porous block, 
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2 2 2G s if  is the impedance of the porous medium (Yu and Chwang, 1994),  
2f is the friction factor

offered by the porous structure and 2s is the inertia. The wave energy dissipation inside the structure is 

determined by incorporating inertia effect and linearized friction factor. These factors are determined by 

Lorentz’s conditions of equivalent work (Sollitt and Cross, 1972). The friction factor and inertia effects 

are obtained using the following relations given by  

2
2

2

1
1 ms A





 
 
 


    and  

2
322

2

2
2

2

1
,

t T
f

v t p p

t T

V t

Cq
dV q dt

K K
f

dV q dt




 





 
  
 
 



 

    (7) 

where 
mA is the added mass,  is kinematic viscosity, q is instantaneous Eulerian velocity vector at any 

point, 
pK is  intrinsic permeability, V is volume, 

fC is the dimensionless turbulent resistant coefficient 

and T  is wave period. The added mass is considered as negligible, so, the inertia effect is considered to 

be unity (Sollitt and Cross, 1972). 

3. Method of solution

The wave scattering due to multiple porous blocks associated with multiple thin vertical barriers is 

analysed. The velocity potentials at each region including porous region and open water region is given 

by  

 10 10 1

1 10 10 10 1 1
1

( ) ( ) for   0,n

n n
n

ik x ik x k x
I e R e f y R e f y x
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where, 1 2 2 3 3 4 4 5 5 6 6, , , , ,E ,F ,G ,H ,I ,Jn n n n n n n n n n nR A B C D and 7nT are the unknown constants. However, 

jn jni  for 1,2,3,...n   in the case of open water region. In the open water region, the eigenfunctions

( )jnf y for 1,2,4,5,7j   is given by

0
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In porous structure region, the eigenfunctions ( )jnf y  for 3,6j   is given by 

cosh ( )
( )       for     0,1,2,...

cosh

jn

jn

jn

h y
f y n

h






  (9b) 

The eigenfunctions ( )jnf y for 1,2,4,5,7j  satisfies the open water dispersion relation given by

2
tanh        for  0. 

tan        for  1,2,....

jn jn

jn jn

g h n

g h n

 


 


 

 

(10a)    

The eigenfunctions ( )jnf y  for 3,6j   satisfies the porous structure dispersion relation given by 

2

2 2( ) tanh   for    0,1,2,...jn jns if g h n     (10b)     

where,  
1/2

2 2

jn jnk l   represents the wave-number in x direction,  jn  for 1,2,....,7j   represents 

the wave-number in y direction, 10 sinl   represents wave number in z direction and   is the 

incident wave angle.  

The eigenfunctions    , 1,2,3,...., 2 1jnf y j N  satisfy the orthogonality relation of the form 
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,
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jn jm j
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(11) 

with respect to the orthogonal mode-coupling relation which is defined by 

0

, ( ) ( ) ,
1,2,....,7

h

jm jn jm jnf f f y f y dy
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(12) 

where 
21,2,4,5,7.
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(13) 

with 
1,2,4,5,7n j

C


  for 1,2,3,.....n   are obtained by substituting 
jn jni  in the case of open water region. 

In order to find the unknown coefficients, the mode-coupling relation (12) is employed on the velocity 

potential   ,j x y  and  ,jx x y with the eigenfunction  jmf y along with continuity of pressure and

velocity as in Eqs. (4-6) across the vertical interface 0, ,0jx b y h    for 1,2,,...,5j   to obtain the

unknown coefficients 1 2 2 3 3 4 4 5 5 6 6, , , , ,E ,F ,G ,H ,I ,Jn n n n n n n n n n nR A B C D and 7nT as in Eqs. 8(a-g). The

system of equations is formed using the edge conditions and the unknowns are determined. The reflection 

coefficient ,rK transmission coefficient
tK and energy damping coefficient

dK are obtained as

10

10

r

R
K

I
 , 10

10

t

T
K

I
    and   2 21 .d r tK K K     (14) 

4. Results and discussion

The wave transformation due to the multiple porous blocks associated with various barrier configurations 

such as fully extended, surface piercing and bottom standing barrier is performed and the results of 

reflection, transmission and energy dissipation is analysed. 

4.1 Porous blocks with fully extended barriers 

The reflection rK  and wave energy dissipation coefficients 
dK are plotted against non-dimensional wave 

number in Fig 2(a,b). The rK is observed to be decreasing with increase of structural porosity within 

0.2 0.8.  The study shows an oscillating trend with increase of non-dimensional wave number. At
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10 10h  , the rK shows a percentage decrease of 28.13%, 37.5% and 51.25% for 
2 0.4,0.6,0.8 

compared to 
2 0.2  . It is clear that a significant reduction in reflection coefficient is achieved with the 

increase of structural porosity 
2 . 
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Figure 2(a) rK and (b) dK versus 10h  for different values of structural porosity considering, 10 1h  ,

1 / 1b h  , 4 / 1b h  , / 1d h  , friction factor 0.5f  , inertia 1s  and incident wave angle 30   . 

The transmission coefficient is observed to be increasing with the increase of structural porosity and 

gradually merges to zero with the increase of non-dimensional wave number. The decrease in 
tK is due

to the partial wave energy transmission taken place due to the porosity of the breakwater system. The 

energy dissipation coefficient 
dK is found to be increasing with the increase of structural porosity and 

oscillating with the increase of non-dimensional wave number 
10h . The energy dissipation coefficient 

dK shows an increase of 54%, 82% and 94% for 
2 0.4,0.6,0.8  compared to 

2 0.2  . 

4.2 Porous blocks with surface-piercing barriers 

The reflection rK , transmission tK and wave energy dissipation coefficients 
dK are plotted against

incident wave angle θ in the case of multiple porous blocks with surface-piercing barriers (Fig. 3a-c). It 

is observed that as the porosity of the structure increases within 20.2 0.8  a decreasing trend in

reflection coefficient is noted for angle of incidence in the range of 0 80 .     Increasing trend in 

transmission coefficient within 
0 00 65  and increasing trend in dissipation coefficient within 

0 80    is also noted. Further, at 45   , a percentage reduction of 65.52%, 91.38% and 96.55% is 

achieved for reflection coefficient compared to 
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Figure 3 (a) rK (b) tK and (c) 
dK versus θ for different values of structural porosity considering 

10 1h 

, 
1 / 1b h  , 

4 / 1b h  , / 1d h  , friction factor 0.5f  , inertia 1s  . 

2 0.2  . The decreasing trend in reflection coefficient is because of the formation of standing wave. The 

angle of incidence corresponds to these reflection rK values are termed as critical `angle, where the 

reflection is found to be minimum. The transmission coefficient tK is found to be increasing with the 

increase of structural porosity. At 60   , a percentage increase of 50%,6 6.67% and 83.33% is achieved 

for reflection coefficient compared to 
2 0.2  . The energy dissipation coefficient 

dK is found to be

increasing with the increase of structural porosity and reaches maximum value at 80   . 

4.3 Porous blocks with bottom-standing barriers 

The rK and 
dK is plotted against the width of the porous structure /d L for the case of porous blocks 

with bottom-standing barriers in Fig. 4(a,b). As the /d L increases, the reflection coefficient rK exhibits 

a sharp rise within 0.01 / 0.05d L  . The rK shows highest value for all the porosities ranging 

0.2 0.8  at / 0.22d L  .  
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Figure 4 (a) rK and (b) 
dK versus /d L for different values of structural porosity considering 

10 1h  , 

1 / 1b h  , 
4 / 1b h  , / 1d h  , friction factor 0.5f  , inertia 1s  and incident wave angle 30   . 

The variation between the rK value is presented and 30.56% reduction in the rK for structural porosity

2 0.4,  56.94% reduction in the rK for structural porosity 2 0.6   and 75% reduction in the rK for

structural porosity 2 0.8  is obtained as compared with the structural porosity 2 0.2.  The study 

suggests that a significant reduction in reflection coefficient is achieved with increase in structural 
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porosity 2 . The reduction in reflection coefficient is due to the enhanced fluid structure interaction. The 

transmission coefficient is observed to be decreasing with increasing /d L  and the transmission 

coefficient approaches zero after / 0.3d L  . 

5. Conclusions

The wave transformation due to multiple submerged porous blocks associated with fully extended, 

surface piercing and bottom standing barriers are analysed and the conclusion drawn from the study are 

as follows: 

 In the case of fully extended configuration, 51.25% reduction in the rK is achieved on increasing the 

porosity of structure from 0.2 to 0.8.

 In the case of surface-piercing configuration, the critical angle is found to be within 
0 047 80 . 

The incident wave angle where the reflection coefficient is minimum is termed as critical angle which 

is helpful in the design and development of the breakwater system. 

 In the case of bottom-standing configuration, the reduction in reflection coefficient is observed due

to the enhanced fluid structure interaction.

 The breakwater system with fully extended barrier configuration yielded more than 94% wave energy

dissipation for the structural porosity 
2 0.8  . 

 The breakwater system with surface-piercing barriers exhibits maximum wave energy dissipation

coefficient for an incident angle 80   .

 The breakwater system with bottom standing barriers, decrease in transmission coefficient with

increasing /d L  ratio is observed. The transmission coefficient approaches zero after / 0.3d L  .

 With the increase in structural porosity in the range 20.2 0.8  , the reflection coefficient is found 

to be decreasing in all the breakwater configurations.

 In all the breakwater systems with barrier conditions, the wave energy dissipation coefficient
dK is

found to be maximum for 80% structural porosity.

Acknowledgement 

The authors are thankful to NITK Surathkal and Ministry of Education, New Delhi for providing financial 

and necessary support to perform the research work. 

References 

Behera, H. and Ng, C.O. 2018. Interaction between oblique waves and multiple bottom-standing flexible porous 

barriers near a rigid wall. Meccanica, 53(4-5), 871-885. 

Burke, J.E., (1964). Scattering of surface waves on an infinitely deep fluid. Journal of Mathematical Physics, 5(6), 

805-819.

Dalrymple, R. A., Losada, M. A., and Martin, P. A. (1991). Reflection and transmission from porous structures

under oblique wave attack. Journal of Fluid Mechanics, 224, 625-644.

Fugazza, M. and Natale, L. (1992). Hydraulic design of perforated breakwaters. Journal of Waterway, Port, Coastal,

and Ocean Engineering, 118(1), 1-14.

Gu, G.Z. and Wang, H., (1992). Numerical modeling for wave energy dissipation within porous submerged

breakwaters of irregular cross section. 23rd International Conference on Coastal Engineering, Venice, Italy,

Chapter-90, 1189-1202.

Kaligatla, R. B., Tabssum, S., and Sahoo, T. (2018). Effect of bottom topography on wave scattering by multiple

porous barriers. Meccanica, 53(4-5), 887-903.

Karmakar, D. and Guedes Soares, C., (2015). Propagation of gravity waves past multiple bottom-standing

barriers. Journal of Offshore Mechanics and Arctic Engineering, 137(1), 011101-10.

845



Karmakar, D. and Guedes Soares, C., 2014. Wave transformation due to multiple bottom-standing porous 

barriers. Ocean Engineering, 80, 50-63. 

Kirkgöz, M.S., (1990). An experimntal investigation of a vertical wall response to breaking wave impact. Ocean 

Engineering, 17(4), 379-391. 

Koley, S. and Sahoo, T., (2017). Oblique wave trapping by vertical permeable membrane barriers located near a 

wall. Journal of Marine Science and Application, 16(4), 490-501. 

Koley, S. and Sahoo, T., (2017). Wave interaction with a submerged semicircular porous breakwater placed on a 

porous seabed. Engineering Analysis with Boundary Elements, 80, 18-37. 

Krishna, K.R.A., Venkateswarlu, V. and Karmakar, D., (2019). September. Wave Transformation Due to a 

Submerged Porous Block Associated with a Vertical Barrier. International Conference on Asian and Pacific Coasts, 

Hanoi, Vietnam, September 25-28, Vietnam, pp. 717-724. 

Losada, I.J., Losada, M.A. and Baquerizo, A. (1993). An analytical method to evaluate the efficiency of porous 

screens as wave dampers. Applied Ocean Research, 15(4), 207-215. 

Losada, I.J., Losada, M.A. and Roldán, A.J. (1992). Propagation of oblique incident waves past rigid vertical thin 

barriers. Applied Ocean Research, 14(3), 191-199. 

Losada, I.J., Silva, R. and Losada, M.A., (1996). 3-D non-breaking regular wave interaction with submerged 

breakwaters. Coastal Engineering, 28(1-4), 229-248. 

Madsen, P. A. (1983). Wave reflection from a vertical permeable wave absorber. Coastal Engineering, 7(4), 381-

396. 

Mallayachari, V., and Sundar, V. (1994). Reflection characteristics of permeable seawalls. Coastal Engineering, 

23(1-2), 135-150. 

Mani, J.S., (2009). Experimental and numerical investigations on zigzag porous screen breakwater. Natural 

Hazards, 49(2), 401-409. 

Neelamani, S. and Vedagiri, M., (2002). Wave interaction with partially immersed twin vertical barriers. Ocean 

Engineering, 29(2), 215-238. 

Sahoo, T., Lee, M.M. and Chwang, A.T., (2000). Trapping and generation of waves by vertical porous 

structures. Journal of Engineering Mechanics, 126(10), 1074-1082. 

Sollitt, C.K. and Cross, R.H., (1972). Wave transmission through permeable breakwaters. Coastal Engineering, 

1827-1846. 

Sulisz, W., (1985). Wave reflection and transmission at permeable breakwaters of arbitrary cross-section. Coastal 

Engineering, 9(4), 371-386. 

Yu, X. and Chwang, A.T., 1994. Water waves above submerged porous plate. Journal of engineering 

mechanics, 120(6), 1270-1282. 

846



DISSIPATION OF GRAVITY WAVES DUE TO SUBMERGED POROUS 

PLATE AND BOTTOM STANDING POROUS STRUCTURE 

Khansa Abdulla and D. Karmakar 

Department of Water Resources and Ocean Engineering 

National Institute of Technology Karnataka, Surathkal, Mangalore-575025, India 

Email: dkarmakar@nitk.edu.in 

Abstract 

The present study deals with the wave trapping by a combination of submerged horizontal porous plate and bottom 

standing porous structure of finite width. The thickness of the plate is negligible when compared to the incident 

wavelength and water depth. The study is performed based on the eigenfunction expansion method. The linearized 

wave theory is used to examine the wave interaction with the structure. The mod-coupling relation is considered 

to analyse the wave interaction with the structure. The reflection coefficient, transmission coefficient, dissipation 

coefficient, wave force on the submerged porous plate and the bottom standing porous structure and surface 

deflection is determined. The effect of change in the values of porosity and friction factor of bottom standing 

porous structure, submerged depth and angle of incidence on the present breakwater configuration are studied. 

The results obtained will be compared with the results of available configuration in the literature in order to 

analyze the efficiency of this configuration.  

Keywords: Submerged horizontal porous plate; Bottom standing porous structure; Reflection coefficient; 

Transmission coefficient. 

1. Introduction

In many locations, submerged breakwaters offer a potentially economic solution to coastal engineering 

problems. Submerged breakwaters have been used to protect harbour entrances, to control wave action 

at inshore fishing grounds and to reduce the rate of littoral drift. Submerged porous structures are one 

of the solutions to mitigate the coastal-related problems from high wave trains with less maintenance 

and long life period. The porous blocks are easy to construct without affecting the coastal aesthetic and 

allows the incident waves to get transmitted through the structure, which causes the energy dissipation. 

So, the porosity decreases the resultant force impact acting on the structure and reduces the wave energy 

on the leeward side. The significance of the submerged porous structures is studied by a number of 

researchers using numerical as well as experimental models. Various countries implemented permeable 

breakwaters for providing better sheltering to the mainlands from the action of gravity waves. Dick and 

Brebner (1968) studied the behavior of thin and rectangular solid and permeable submerged 

breakwaters. They proposed an empirical and theoretical relationship for the reflection coefficient of a 

thin breakwater across the wave number spectrum. Sollitt and Cross (1972) performed a detailed study 

on the rectangular porous structure for finding the reflection and transmission coefficients in the 

presence of evanescent waves. Eigenfunction expansion method is used to relate the velocity potentials 

for finding the unknowns. Dattatri et al. (1978) undertook a comprehensive laboratory investigation to 

evaluate the performance characteristics of the submerged breakwaters of various types and shapes, 

permeable and impermeable. Patarapanich (1984) studied the maximum and zero wave reflection from 

a submerged plate in shallow water. He used the long wave approximation to carry out the work where 

the horizontal velocity is uniform throughout the water depth and the pressure varies hydrostatically. 

Later on he also extended his study (1989) by combing the theoretical and experimental results to find 

the optimum conditions of the submerged plate for obtaining minimum wave transmission. Cho and 

Kim (2013) investigated the interaction of oblique monochromatic incident waves with a submerged 

horizontal porous plate in the context of two-dimensional linear potential wave theory. The matched 

eigen function expansion was used to obtain the analytical solution. The study was then extended to 

dual submerged horizontal plates by Cho et al. (2013). Kobayashi et al. (1989) numerically predicted 

the monochromatic wave reflection and transmission over a submerged impermeable breakwater. They 

also developed an equation of energy in order to estimate the rate of dissipation of energy due to wave 
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breaking. A mathematical model of wave breaking over a submerged permeable breakwater was 

developed under the mild-slope assumption by Rojanakamthorn et al. (1990). It was then validated by 

comparison with the experimental results for traperzoidal and rectangular breakwaters.  Dalrymple et 

al. (1991) examined the reflection and transmission coefficient from porous structures under oblique 

wave attack. He used plane wave and long wave approximation for his study. Eigen function expansion 

method was used to determine the velocity potentials. Cruz et al. (1992) derived a set of nonlinear 

vertically integrated equations to predict the transformation of waves over a submerged permeable 

breakwater. The equations were applied to simulate non-breaking and breaking wave transformations 

obtained from laboratory experiments by incorporating a model for breaking wave energy dissipation. 

The wave transmission and reflection characteristics of a rigidly fixed surface and submerged horizontal 

plate were investigated experimentally by Neelamani and Reddy (1992) in detail for a wide range of 

incident wave steepnesses and for different depths of submergence of the plate in deep water conditions 

in regular water wave fields.  

Experiments on the propagation of linear and weakly nonlinear gravity waves over a rectangular 

submerged bar were conducted through very careful measurements in a wave tank by Rey et al. (1992). 

They also examined the effects arising from the finite amplitude of the surface wave and those coming 

from the generation of vortices around bar edges. Gu and Wang (2002) used the Boundary Integral 

Element Method (BIEM) to calculate the energy dissipation within porous submerged breakwater of 

irregular cross section. To fully explore the advantage of BIEM, a boundary integral expression for 

wave energy dissipation developed was used to replace the traditional domain integral expression. 

Losada et al. (1996) studied the non-breaking regular wave interaction with bottom standing submerged 

permeable structures. The influence of various wave characteristics like structure geometry, angle of 

incidence and porous material properties were considered. The theoretical study was then compared to 

the existing laboratory data.  A boundary element method (BEM) was developed by Hsu and Wu (1999) 

to examine normally incident wave scattering by a fixed, submerged, horizontal, impermeable plate and 

a submerged permeable breakwater in water of finite depth. Wang and Shen (1999) investigated the 

wave reflection and transmission over a group of submerged horizontal plates analytically based on the 

linear potential wave theory. Matched Eigen function expansion method was used to calculate the 

unknown coefficients. The reflection and transmission of linear water waves propagating past a 

submerged horizontal plate and through a vertical porous wall was studied by Wang and Williams 

(2002). Wave hydrodynamic forces as well as surface elevations were computed. Wang and Meylan 

(2002) investigated the wave transformation on a floating two-dimensional thin plate on water of 

variable depth. Boundary element method (BEM) was used to solve the Laplace equations in the finite 

domain. The porosity effects on non-breaking surface waves over permeable submerged breakwaters 

was studied by Ting et al. (2004). Eight model geometries each with six different porosities were 

considered for the experiment. Wave reflection and transmission over a horizontal twin-plate structure 

was investigated by Usha and Gayathri (2005) based on the linear potential wave theory. The effects of 

relative water depth, relative plate width and relative submergence depth were also investigated. Then 

the performance of the twin-plate breakwater was compared with the existing literature.  Later on 

Neelamani and Gayathri (2006) investigated experimentally the wave transmission and reflection 

characteristics and wave induced pressures on single surface plate and twin plate barriers for a wide 

range of wave heights and periods in regular and random waves. Karmakar and Soares (2017) 

investigated the interaction of surface gravity waves with horizontal pitching plate for actively control 

waves based on linearized theory of water waves. The hydrodynamic performance of a new perforated-

wall breakwater which consists of a perforated front wall, a solid back wall and a submerged horizontal 

porous plate was studied by Liu et al. (2007).  Koley et al. (2015) study deals with the oblique wave 

trapping by bottom-standing and surface-piercing porous structures of finite width placed at a finite 

distance from a vertical rigid wall. The analytical method of solution was done by using eigen function 

expansion method and the numerical method of solution was done using boundary element method.  

In the present study, a numerical model is developed for the wave interaction with a submerged porous 

plate and bottom standing submerged porous structure. The wave reflection, transmission, wave forces 

and energy loss due to this configuration in finite water depth is analyzed. The eigenfunction expansion 

method and continuity of velocity and pressure are used to analyse the effectiveness of this 

configuration. 
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2. Mathematical Formulation

Oblique wave propagation through submerged porous plate and bottom standing submerged porous 

structure in finite water depth is examined under the assumption of linearized wave theory. A three-

dimensional coordinate system is considered in the analysis with x-z being horizontal plane and y-axis 

being vertically downward positive. The fluid domain is divided into seven regions, upstream open 

water region at   0 < 𝑥 < ∞,   0 < 𝑦 < ℎ as region 1, fluid domain above the plate at    – 𝑎1 < 𝑥 < 0 , 
 0 < 𝑦 < 𝑑 as region 2, fluid domain beneath the plate at −𝑎1 < 𝑥 < 0, 𝑑 < 𝑦 < ℎ as region 3, fluid

domain between the plate and porous structure at −𝑎2 < 𝑥 < −𝑎1, 0 < 𝑦 < ℎ as region 4, fluid

domain above the submerged porous structure at −𝑎3 < 𝑥 < −𝑎2, 0 < 𝑦 < 𝑑 as region 5, bottom

standing porous structure at −𝑎3 < 𝑥 < −𝑎2, 𝑑 < 𝑦 < ℎ as region 6 and downstream open water

region at −∞ < 𝑥 < −𝑎3, 0 < 𝑦 < ℎ as region 7.

Figure 1 Schematic diagram for a submerged porous plate backed by a bottom standing submerged 

porous structure. 

The velocity potential 
j  is time harmonic in frequency and harmonic with wavenumber ' 'l and is 

given by  ( , , , ) Re ( , ) ilz i t

j jx y z t x y e e     and free surface deflection is given by 

 ( , , ) Re ( ) ilz i t

j jx z t x e e      where Re represents the real part and 
10 sinl   represents the 

progressive wave mode, 𝜃 is the angle of incidence and 𝛾10 is the progressive wave number in 𝑦

direction. The spatial velocity potential ( , , )j x y z  satisfies the Helmholtz equation given by

2 2

2

2 2
0

j j

jl
x y

 


 
  

 
    for 0 < 𝑦 < ℎ 

(1) 

The seabed is assumed to be flat and impermeable and the no flow condition is given by 

0
jd

dy


      at 𝑦 = ℎ   for 𝑗 = 1 𝑡𝑜 7 (2) 

The linearized free surface boundary condition is given by
2

0
j

j

d

dy g

 
    at 𝑦 = 0  for 𝑗 = 1,2,4,5,7 (3) 
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Region 6 
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y 
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z 

x=∞ x=0 x=-a1 x=-a2 x=-a3 x=-∞ 
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The linearize boundary condition for the porous plate surface is given by 

32
10 3 2( )p

dd
ik G

dy dy


    at 𝑦 = 𝑑 (4) 

where 
p

b
G

 


 is the porous effect parameter, 𝜌 is the density of the structure, b is the material 

constant of dimension ′𝑙′ and 𝜇 is the dynamic viscosity constant. In the case of porous submerged plate, 

the material used is considered to be having fine pores which allows the fluid to pass through the porous 

plate and obeys Darcy’s law. 

The boundary condition at the surface of the submerged porous plate is given by  

5 1 1 6( )s if  
(5) 

5d

dy


 𝜖1

6d

dy



(6) 

The continuity of dynamic pressure and velocity are applicable throughout the depth. The continuity of 

dynamic pressure and mass flux at the interfaces along the horizontal x-direction is given by 

1 1, ,( , ) ( , )  and ( , ) ( , )j x j xx y x y x y x y     for 𝑗 = 2,3 at 𝑥 = 0 (7a) 

4 4, ,( , ) ( , ) and ( , ) ( , )j x j xx y x y x y x y     for 𝑗 = 2,3 at 𝑥 = −𝑎1 (7b) 

4 5 4 1 1 6( , ) ( , )  and ( , ) ( ) ( , )x y x y x y s if x y      at 𝑥 = −𝑎2 (7c) 

4 5( , ) ( , )x y x y  at 𝑥 = −𝑎2 (7d) 

4, ( , )x x y  𝜖1 6, ( , )x x y at 𝑥 = −𝑎2 (7e) 

7 5( , ) ( , )x y x y  at 𝑥 = −𝑎3 (7f) 

7 1 1 6( , ) ( ) ( , )x y s if x y   at 𝑥 = −𝑎3 (7g) 

7, 5,( , ) ( , )x xx y x y  at 𝑥 = −𝑎3 (7h) 

7, ( , )x x y  𝜖1 6, ( , )x x y at 𝑥 = −𝑎3 (7i) 

3. Method of Solution

The present study is focused on the wave interaction with a submerged horizontal porous plate and 

bottom standing submerged porous structure. The wave transmission. Reflection, wave force and 

surface reflection on this structure is analysed by using eigen function expansion method. 

The velocity potentials ( , )j x y in each of the respective regions satisfy the governing equation (1)

along with the boundary condition (2)-(6) as defined in the Mathematical Formulation section. The 

velocity potentials ( , )j x y for 𝑗 = 1 𝑡𝑜 7 for of the form 

10 10 1

1 10 10 10 1 1

1

( ) ( ) ( )nik x ik x k x

n n

n

I e R e f y R e f y


 



    (8) 

2 2
2 2 2 2

0 2 1 2 1

cos sin
( )

cos sin

n n
n n n

n n n

k x k x
A B f y

k a k a






 
  

 
 (9) 

2 2
3 2 2 3

0 2 1 2 1

cos sin
( )

cos sin

n n
n n n

n n n

k x k x
A B f y

k a k a






 
  

 
 (10) 

 40 1 40 2 4 1 4 2( ) ( ) ( ) ( )

4 40 40 40 4 4 4

1

( ) ( ) ( )n nik x a ik x a k x a k x a

n n n

n

A e B e f y A e B e f y


     



    (11)
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 5 2 5 3( ) ( )

5 5 5 5

0

( )n nik x a ik x a

n n n

n

A e B e f y


  



     (12) 

 5 2 5 3( ) ( )

6 5 5 6

0

( )n nik x a ik x a

n n n

n

A e B e f y


  



     (13) 

70 3 7 3( ) ( )

7 70 70 7 7

1

( ) ( )nik x a k x a

n n

n

T e f y T e f y


  



     (14) 

where 𝐼10 is the incident wave and 𝑅1𝑛, 𝐴2𝑛, 𝐵2𝑛, 𝐴5𝑛, 𝐵5𝑛 and 𝑇7𝑛 for 𝑛 = 0,1,2 … are the unknown

to be determined. The eigen functions 𝑓𝑗𝑛(𝑦) ‘s for the open water regions and the region between the

plate and porous structure (for 𝑗 = 1,4 , 7) is given by  

cosh ( )
( )

cosh

jn

jn

jn

h y
f y

h






     for 𝑛 = 0          and 

cos ( )

cos

jn

jn

jn

h y
f

h






       for 𝑛 = 1,2,3 … 

(15) 

where 𝛾𝑗𝑛 for 𝑗 = 1, 4 , 7,  𝑛 = 0 are eigen values and satisfies the dispersion relation

2 tanhjn jng h   (16) 

for 𝑛 = 0 , satisfying  𝛾𝑗𝑛
2 = 𝑘𝑗𝑛

2 + 𝑙2. The eigen functions 𝑓𝑗𝑛(𝑦) ‘s for the submerged porous plate

region ( 𝑗 = 2 𝑎𝑛𝑑 3 ) and 𝑛 = 0,1,2 … is given by 

 2

2 2 2 2 2( ) sinh ( ) cosh sinhn n n n nf y h d g y y      

 2

3 2 2 2 2( ) sinh cosh cosh ( )n n n n nf y g d d h y       
(17) 

where 𝛾2𝑛 is the eigen value and satisfies the dispersion relation

   2 2

2 2 2 2 2 10 2 2 2sinh ( ) sinh cosh cosh sinh 0n n n n n p n n nh d g d d ik G h g h              (18) 

for 𝑛 = 0,1,2 … and satisfying 𝛾2𝑛
2 = 𝑘2𝑛

2 + 𝑙2.

The eigen functions 𝑓𝑗𝑛(𝑦) ‘s for the bottom standing submerged porous structure region ( 𝑗 = 5 𝑎𝑛𝑑 6

and 𝑛 = 0,1,2 … is given by 

5 5
5

5 5

cosh ( ) sinh ( )
( )

cosh sinh

n n n
n

n n n

h y F h y
f y

h F h

 

 

   
  

 

5
6 5

1 1 5 5

1 tanh ( )
( ) cosh ( )

( )(cosh sinh )

n n
n n

n n n

F h d
f y h y

s if h F h




 

  
  

  

(19) 

where 

 

 
1 1 1 5

2

1 1 1 5

( ) tanh ( )

( ) tanh ( )

n

n

n

s if h d
F

s if h d





  


  
(20)
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𝜖1 is the porosity of the permeable material, 𝑠1 is an inertial coefficient and 𝑓1is a linearized friction

coefficient. The eigen function 𝑓𝑗𝑛(𝑦)  for 𝑗 = 1,4 are orthogonal over the water depth ℎ and can be

given by 

0
( ) ( )

h

jm jn mnf y f y  (21) 

where 
0    for  

1    for  
mn

m n

m n



 


. In order to determine the unknown constants in the velocity potential, 

the general solution is matched using the continuity of velocity and pressure at the edges  𝑥 = 0, −𝑎1

as in Eqs. (7a) to (7i), which is given by  

2 3
0 0

( , ) ( ) ( , ) ( ) ( , ) ( )
h d h

j jm jm jm
d

x y f y dy x y f y dy x y f y dy      (22) 

, 2, 3,
0 0

( , ) ( ) ( , ) ( ) ( , ) ( )
h d h

j x jm x jm x jm
d

x y f y dy x y f y dy x y f y dy      (23) 

where 𝑚 = 0,1,2 … ; 𝑗 = 1 for 𝑥 = 0 and 𝑗 = 4 for 𝑥 = −𝑎1. Similarly in order to determine the other

unknown constants in the velocity potentials for different regions, the general solution are matched 

using the continuity of velocity and pressure at the edges 𝑥 = −𝑎2, −𝑎3 and the same procedure is

followed as in equations (22) and (23) using the boundary conditions mentioned in the Mathematical 

formulation section. The reflection and transmission coefficients are plotted for various values of the 

submergence depth of plate, angle of incidence etc. and is given by 

10 70

10 10

 and  r t

R T
K K

I I
  (24) 

The energy dissipation through the porous structures is represented as 

2 21d r tK K K   (25) 

The wave force acting on the submerged porous plate is given by 

102

plate

plate

F
K

gI h
 (26) 

where 
1

3 2
0

( )
a

plateF i dx  


  (27) 

And the wave force acting at the front and back of the submerged porous structure is given by 

10 10

  and 
2 2

front back
front back

F F
K K

gI h gI h 
  (28) 

where 
6 4 2

6 7 3

( )   at 

( )   at 

h

front
d

h

back
d

F i dy x a

F i dy x a

  

  

   

   




(29) 

The surface deflection ( , )j x y is given by
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1
( , ) ( , )     at 0    for 1,2,4,7j jx y x y y j

i y
 



 
    

 
(30) 

4. Results and Discussions

The numerical investigation is performed to examine the wave dissipation due to the presence of 

submerged porous plate and a bottom standing porous structure considering various values of porosity 

of the submerged porous structure 𝜖, angle of incidence 𝜃, submergence depth 𝑑/ℎ and plate length 

𝑎1/ℎ. The wave reflection coefficient 𝐾𝑟, transmission coefficient 𝐾𝑡 and energy dissipation 𝐾𝑑, the

wave force on the plate 𝐾𝑝𝑙𝑎𝑡𝑒, wave force on the front(𝐾𝑓𝑟𝑜𝑛𝑡) and back (𝐾𝑏𝑎𝑐𝑘)of the submerged

porous structure and surface deflection 𝜂(x) are plotted to understand the behavior of this configuration 

as an effective wave absorber. The parameters that are kept constant are 𝜌 = 1025 𝑘𝑔/𝑚3and 𝑔 =
9.81 𝑚/𝑠2 , 𝑠 = 1.5 and 𝑓 = 1 throughout the computation.

4.1 Effect of structural porosity 

1 2 3 4 5 6

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

K
r

10h

(a)

 Epsilon1=0.2

 Epsilon1=0.4

 Epsilon1=0.6

 Epsilon1=0.8

1 2 3 4 5 6 7 8

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00
K

t

10h

(b)

 Epsilon1=0.2

 Epsilon1=0.4

 Epsilon1=0.6

 Epsilon1=0.8

1 2 3 4 5 6 7 8

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

K
d

10h

(c)

 Epsilon1=0.2

 Epsilon1=0.4

 Epsilon1=0.6

 Epsilon1=0.8

Figure 2 Variation in (a) 𝐾𝑟 (b) 𝐾𝑡 and (c) 𝐾𝑑 versus 𝛾10ℎ for different values of porosity considering

𝜃 = 30°. 

The structural porosity is varied within 0.2 < 𝜖1 < 0.8 for the determination of 𝐾𝑟, 𝐾𝑡 and 𝐾𝑑 against

the non-dimensional wave number γ10ℎ considering 𝜃 = 30° ,𝑠 = 1.5 and 𝑓 = 1 as shown in Figure 2.

As the wave number increases  𝐾𝑟 decreases and it is also seen that with the increase in porosity the 𝐾𝑟

value is decreasing. Similar trend is observed in the case of transmission coefficient 𝐾𝑡 which decreases
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with increase in porosity. The decrease in the 𝐾𝑟 and 𝐾𝑡  due to increase in porosity may be due to

increase in energy dissipation 𝐾𝑑 as seen in Figure 2.

4.2 Effect of angle of incidence 

Figure 3 shows the reflection, transmission and dissipation coefficient plotted against non-dimensional 

wave number for various values of angle of incidence considering porosity 𝜖1 = 0.4. It is observed that

as the reflection coefficient increases with increase in angle of incidence. On the other hand, the 

transmission coefficient decreases with increase in angle of incidence. The maximum value for 

reflection coefficient is observed at 𝛾10ℎ = 1 for 𝜃 = 60°. The energy dissipation maximum for greater

value of angle of incidence. 
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Figure 3 Variation in (a) 𝐾𝑟 (b) 𝐾𝑡 and (c) 𝐾𝑑 versus 𝛾10ℎ for different values of angle of incidence

considering 𝜖1 = 0.4.

4.3 Effect of submergence depth 

The reflection, transmission and dissipation coefficients are plotted against the non-dimensional wave 

number for different values of submergence depth considering angle of incidence, 𝜃 = 30°and 

structural porosity 𝜖1 = 0.4 as shown in Figure 4. It is noted that as the submerged depth increases the

𝐾𝑟 value decreases. But the transmission coefficient is seen increasing for higher values of

submergence. This suggests that with the increase in the wave number the wavelength of the incident 

wave decreases and as a result the wave reflection decreases with the increase in the submergence. 
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Figure 4 Variation in (a) 𝐾𝑟 (b) 𝐾𝑡 and (c) 𝐾𝑑 versus 𝛾10ℎ for different values of submergence depth

considering 𝜃 = 30°and porosity=0.4. 

4.4 Effect of plate length 

Figure 5 shows the reflection, transmission and dissipation coefficient plotted against non-dimensional 

wave number for various values of plate length considering porosity 𝜖1 = 0.4 and angle of incidence

𝜃 = 30°. High oscillating pattern in observed in case of reflection coefficient and its seen that there is 

an increase in 𝐾𝑟 as the plate length increases. However, 𝐾𝑡 value decreases within 1 < 𝛾10ℎ < 2 for

and then increases. The energy dissipation is greater when the plate length is more. 
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Figure 5 Variation in (a) 𝐾𝑟 (b) 𝐾𝑡 and (c) 𝐾𝑑 versus 𝛾10ℎ for different values of plate length

considering 𝜃 = 30° , 𝜖1 = 0.4 and 𝑑/ℎ = 0.5.

4.5 Wave force on the structure 

4.5.1 Effect of submergence depth 

Figure 6 shows the non-dimensional wave force on the submerged plate and submerged porous structure 

plotted versus the non-dimensional wave number 𝛾10ℎ for various values of submergence depth 𝑑/ℎ.

It is observed that the wave force on the submerged plate increases within 1 < 𝛾10ℎ < 2 and then

decreases for 𝛾10ℎ > 2. It is noted that wave force on the plate decreases as the submergence depth

increases. The wave force on the front and back of the submerged porous structure is also plotted against 

the non-dimensional wave number 𝛾10ℎ. It is observed that the wave force of the structure decreases

with increase in non-dimensional wave number 𝛾10ℎ and decreases with increase in the submergence

depth.  

4.5.2 Effect of plate length 

The non-dimensional wave force on the submerged plate and submerged porous structure is plotted 

against the non-dimensional wave number 𝛾10ℎ for various values of plate length 𝑎1/ℎ considering

submergence depth 𝑑/ℎ = 0.5 in Figure 7. The wave force on the submerged plate increases within 

1 < 𝛾10ℎ < 1.5 and then decreases for a1/h=2.0. High oscillating trend is observed for wave force on

the submerged plate for plate length greater than a1/h=2.0. The wave force on the front the front of the 

submerged porous structure shows oscillating trend within 1 < 𝛾10ℎ < 3   and then decreases for

𝛾10ℎ > 3. The wave force on the back of the submerged porous structure decreases with increase in
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non-dimensional wave number 𝛾10ℎ for increase in plate length a1/h within 1 < 𝛾10ℎ < 3.5 and then

decreases uniformly for  𝛾10ℎ > 3.5 for all values of plate length.
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Figure 6 Variation in (a) 𝐾𝑝𝑙𝑎𝑡𝑒 (b) 𝐾𝑓𝑟𝑜𝑛𝑡 and (c) 𝐾𝑏𝑎𝑐𝑘 versus 𝛾10ℎ for different values of

submergence depth considering 𝜃 = 30°,𝜖1 = 0.4 and a1/h = 2.0.

4.6 Surface Deflection 

4.6.1 Effect of angle of incidence 

The surface deflection in the incident region is plotted versus distance x for various values of angle of 

incidence 𝜃 considering d/h=0.5 as shown in Figure 8(a). It is observed that with the increase in the 

angle of incidence the surface elevation in the incident wave region increases and as a result the phase 

of the incident wave changes. On the other hand, in Figure 8(b), the surface deflection in the transmitted 

region is plotted against the distance x for various angle of incidence and it is found that the surface 

deflection in the transmitted region is lower as compared to that of the incident region. It is also seen 

that the surface deflection in the transmitted region decreases as the angle of incident increases.   
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Figure 7 Variation in (a) 𝐾𝑝𝑙𝑎𝑡𝑒 (b) 𝐾𝑓𝑟𝑜𝑛𝑡 and (c) 𝐾𝑏𝑎𝑐𝑘 versus 𝛾10ℎ for different values of

submergence depth considering 𝜃 = 30°,𝜖1 = 0.4 and d/h = 0.5.
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Figure 8 Variation in (a) 𝜂1(𝑥) (b) 𝜂7(𝑥) versus x for different values of angle of incidence considering

𝜖1 = 0.4 and 𝑑/ℎ = 0.5 and a1/h = 2.0.
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4.6.2 Effect of submergence depth 

The surface deflection in the incident region is plotted against different values of  submerged depth 𝑑/ℎ 

considering angle of incidence 𝜃 = 30°as shown in Figure 9(a). It is noted that the surface deflection 

in the incident region slightly increases with increase in the submergence depth. In figure 9(b), the 

surface deflection in the transmitted region is plotted versus various values of submergence depth and 

it is noted that the value of surface deflection in the transmitted region is less compared to that of the 

incident region. And it is also seen that the surface deflection increases with increase in the submergence 

depth. 
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Figure 9  Variation in (a) 𝜂1(𝑥) (b) 𝜂7(𝑥) versus x for different values of submergence depth

considering 𝜖1 = 0.4, 𝜃 = 30° and a1/h = 2.0.

5. Conclusions

The wave dissipating performance of the submerged porous plate backed by a submerged porous 

structure was examined. The problem is formulated based on the linearized theory of water waves and 

the analytical solution is obtained using matched eigen function expansion method. The computational 

results show that wave reflection decreases with increase in porosity and increase in submergence depth. 

The energy dissipation is higher for higher angle of incidence and higher porosity. The surface 

deflection in the transmitted region is found to be less when compared to the surface deflection in the 

incident region. Overall, higher porosity is suitable for this configuration to achieve desirable results.  
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Abstract 

Accurate and reliable prediction of fluctuations in groundwater level (GWL) is imperative in water resources 

management and planning. Applications of fuzzy-logic techniques and Artificial Neural Network (ANN) to a 

variety of issues are found to be efficient. Recent surge in interest in aforementioned techniques has resulted in 

robust calculating techniques. Present study explores potential of three data driven models viz., Adaptive Neuro-

Fuzzy Inference System (ANFIS), ANN, and a combination of firefly algorithm (FFA) with ANFIS for 

forecasting of GWL at Kalahandi, India. In this watershed, overexploitation of groundwater, and its 

management demands complete know-how of the groundwater flow dynamics. Yet, the groundwater flow 

dynamics is changing continually owing to human and climatic effects, and groundwater system is very 

complex, including several non-linear and uncertain elements. The monthly GWL data from the year 1990-2009 

are used for training, while from the year 2010-2019 are reserved for testing. Using statistical measures, 

predicted data from hybrid model is compared with ANN and ANFIS model. Statistical indices applied in the 

analysis were Nash–Sutcliffe Efficiency (NSE), root mean square error (RMSE), Wilmott index (WI). The 

results showed that all three proposed models can forecast GWL with fairly high accurateness; however ANFIS-

FFA model can be a promising tool for simulating and forecasting GWL because of relatively smaller RMSE. 

Also results reveal that ANFIS-FFA and ANFIS models provide superior accurateness (RMSE = 0.02654, 

0.03623 and WI = 0.9763, 0.9583) followed by ANN model with (RMSE=0.06432 and WI=0.9042) for 

estimating GWL well in advance for proposed location.  

Keywords: Neural network; hydrology; groundwater level; ANN; prediction 

1. Introduction

Groundwater is constituted by about 94% of earth’s freshwater. Groundwater is imperative source of 

freshwater and it aids in production of food, fighting droughts and even in economic development. 

Owing to huge capacity for natural storage and consisting of good quality of water, groundwater 

serves as a crucial water resource for low-income nations and its use is not usually stalled by inter-

annual and seasonal flow variation. 

Shirmohammadi et al. (2013) employed data-driven techniques which include time series, system 

identification, and ANFIS models for predicting GWL for different forecasting periods. Results 

indicated that ANFIS models outperformed both system identification and time series models. Shiri et 

al. (2013) explored potential of ANN, ANFIS, and Support Vector Machine (SVM) and Gene 

Expression Programming (GEP) techniques to forecast GWL in subsequent day up to 7-day prediction 

intervals in republic of Korea using daily water table data and also rainfall data. On basis of 

evaluation criteria, results revealed that GEP models were successfully employed in forecasting 

fluctuation of GWL up to 7 days ahead. Lee et al. (2019) used ANN models with different input 

variables comprising of two anthropogenic factors and one natural factor for predicting GWL in 

Yangpyeong riverside area, South Korea. Sahoo and Jha (2013) evaluated the capability of multiple 

linear regression (MLR) and ANN techniques to predict transient water levels over Konan 

groundwater basin located in Japan. Performance of proposed models was assessed utilizing statistical 

and graphical indicators which concluded that ANN technique is superior to MLR technique for 
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predicting spatial and temporal variation of GWL in proposed basin. Raghavendra and Deka (2016) 

employed Gaussian Process Regression (GPR) and ANFIS in for investigating their applicability in 

forecasting monthly GWL fluctuations at two shallow unconfined aquifers situated in River 

Kumaradhara near Sullia Tehsil, India. Outcomes revealed that GPR model gave reasonably precise 

prediction results compared to ANFIS during training as well as testing phase. Iqbal et al. (2020) 

applied ANN for investigating groundwater occupied within borders of rivers Ravi and Sutlej utilising 

various meteorological parameters. Emamgholizadeh et al. (2014) studied applicability of ANN and 

ANFIS for GWL forecasting of Bastam Plain, Iran. Results revealed that ANN and ANFIS models 

accurately predicted GWL with ANFIS performing slightly better than ANN model. Gong et al. 

(2016) developed and used ANN, ANFIS and SVM nonlinear time-series models for predicting GWL 

variations from study area near Okeechobee Lake in Florida, United States. Results obtained from 

SVM and ANFIS models were more precise compared to ANN model. Yaseen et al. (2018) proposed 

ANFIS and integrated ANFIS-FFA, models for forecasting monthly rainfall of Pahang river 

catchment located in Peninsular Malaysian with one-month lead time. Findings from present research 

revealed that ANFIS-FFA is a sensible modelling technique for simulation of monthly rainfall in 

proposed study area. Various soft computing approaches are utilized to predict recorded GWL of 

various gauge station (Ghose et al. 2019; Samantaray et al. 2019; Samantaray et al. 2020a; Das et al. 

2019; Sridharam et al. 2020). Zhou et al. (2019) studied the potential of integrated ANFIS-FFA and 

ANFIS-GA (genetic algorithm) models for predicting particle size distribution of a muck pile 

subsequent to blast in Iran and compared their efficiency with simple ANFIS, SVM and ANN models. 

Results demonstrated that both hybrid models performed better than simple models with ANFIS-GA 

showed the best results. Sihag et al. (2019) developed ANFIS-FFA and ANFIS-PSO (particle swarm 

optimization) models for predicting hydraulic conductivity (K) of soil for Kurukshetra district, 

Haryana and compared the effectiveness with conventional ANFIS model. Results indicated that 

ANFIS-PSO and ANFIS-FFA performed superior to ANFIS model in predicting K of soil. 

The objective of the study is to predict GWL at Dharmgarh and Narla gauge station using hybrid 

ANFIS-FFA approaches and compared with ANFIS and ANN techniques. 

2. Study area

Kalahandi district lies between 19.175489
o
N to 20.454517

o
N Latitudes and 82.617767

o
E to 

83.794874
o
E Longitudes occupying south western part of Odisha. Maximum temperature here is near 

about 45
o
C, while minimum temperature is 4

o
C. Kalahandi experiences average annual precipitation 

of 1378.20 mm. Monsoon starts late in June and usually continues till September. Dharamgarh and 

Narla sub-divisions are considered for predicting groundwater level in present study. 
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Figure 1 Proposed research area 

3. Methodology

3.1 ANN 

ANN is an enormous parallel distributed information processing system having definite characteristics 

performance similar to biological NN of human brain (Haykin 2005, 1999; Mohanty et al. 2010; 

Nayak et al. 2006; Samantaray et al. 2020c; Sahoo et al. 2020b; Mohanta et al. 2020b; Samantaray 

and Sahoo 2020). ANN modelling tools have been broadly employed in several fields of science and 

technology comprising process control, time series forecasting and pattern recognition. A NN is 

described by adjoin structure amid nodes, technique to measure the adjoin weight and an action 

function (Mohanty et al. 2010). Neural networks are of various types such as Perceptron, Hapfild etc. 

NNs are classified in accordance to their learning algorithm. Various types of learning algorithms are 

radial basis function, feed forward back-propagation, adaptive learning rate back propagation (BP) 

and gradient descent with momentum, Bayesian regularization (BR), Levenberg–Marquardt (LM) etc. 

(ASCE 2000a, b). They are usually utilized for investigating various hydrological processes is a 

multi-layer progressive NN having BP learning algorithm. Present research utilises multilayer 

perceptron layer (MLP) having hidden layers with training from BP algorithm. Transfer functions of 

different types are employed in hidden layers and a linear function in output layer. Improvement of 

extrapolation capability is achieved by using ANNs with this arrangement of structure (Maier and 

Dandy 2000l; ASCE 2000a). In mathematical terms MLP can be expressed as given below: 

(1)
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Where   - value of ith node in preceding layer,   - value of jth node in existing layer,    bj - bias of
node in existing layer,  - number of nodes in preceding layer, and wji - activation function in

current layer (Yoon et al. 2010). 

Figure 2 Architecture of ANN 

3.3 ANFIS 

ANFIS is an integration of fuzzy inference systems (FIS) and learning ability of ANNs is a major 

aspect in it (Jang 1993; El-Shafie et al. 2007; Samantaray et al. 2020b; Sahoo et al. 2020a; Mohanta et 

al. 2020a). A FIS is constituted of five small divisions as mentioned here: data base (defining 

membership functions (MF) of utilised fuzzy sets), rule base (consisting of a number of IF-THEN 

rules), interface for fuzzification (transforming the crisp inputs into grades of match using linguistic 

values), unit for decision making (performance of inference operation on rules) and interface for 

defuzzification (changing fuzzy interface results to crisp output). Adaptive NN is a super set of all 

types of feed-forward NNs (Jang 1993). FIS constraints are found by NN learning algorithms. As this 

structure is done on basis FIS, imitating broad knowledge, a significant feature is that the structure 

should constantly be interpreted in terms of fuzzy IF-THEN rules. It has the potential to approximate 

any physical continuous function on a compacted set (Jang et al., 1997). 

Rules of an ANFIS system involving two inputs (  and ) with single output (f) are presented in Eq. 2 

and Eq. 3 as follows: 
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Figure 3 Architecture of ANFIS 
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Figure 4 Flow chart of ANFIS 

3.4 FFA 

Yang (2010) initially introduced the FFA. Social nature of fireflies inspires the fundamental working 

principle of FFA technique. Fireflies move in the light direction. Fireflies are enticed by each other. 

Intensity of light emitted from firefly and brightness of firefly represents objective function of FFA 

model. Light intensity and attractiveness are specified in Eq. 4 and 5 respectively. Attractiveness ; 

light intensity     , and Cartesian distance amid any two fireflies are: 

(4) 

(5)
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Figure 5 Flow chart of ANFIS-FFA 
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3.5 Processing and preparation of Data 

Monthly average GWL data (from 1990-2019) are collected from meteorological department of India. 

Collected data from 1990-2009 are used for training and from 2010-2019 are employed for testing 

purpose. Daily data are converted into monthly data that lastly assists in training and testing the 

model. Following GWL arrangements are applied as inputs; 

Table 1 Arrangements of data sets 

Where       : One month lag GWL 

 : Two month lag GWL 

 : Three month lag GWL 

 : Four month lag GWL 

 : Five month lag GWL 

3.6 Model performance evaluation 

Indicators are NSE, RMSE, and WI used to access the performance of model efficiency. The formulae 

can be articulated as 

 (9) 

(10) 

(11) 

4. Results and discussions

Performance of ANN model with different input having different spread values are considered 

for simulation for two proposed gauge stations are shown in Table 2. At this point, spread values 

within range of 0 to 1 are taken into consideration i.e. preferably 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 

and 0.9 to predict GWL from considered input constraints to map output. Three evaluating 

parameters NSE, RMSE, WI is estimated for both training and testing phase, as explained below.  

Table 2 Outcomes of ANN model for prediction of GWL 

Positions Model Input Training period Testing period 

NSE RMSE WI NSE RMSE WI 

Dharamgarh 

ANNI 1-0.7-1 0.629 91.86 0.8898 0.617 90.532 0.8886 

ANN2 2-0.2-1 0.638 91.78 0.8924 0.624 88.795 0.8903 

ANN3 3-0.8-1 0.649 91.54 0.8992 0.631 86.464 0.8976 

ANN4 4-0.6-1 0.657 90.19 0.9007 0.636 84.949 0.8998 
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For ANFIS technique we used six membership functions (Tri, Trap, Gbell, Gauss, Gauss2, Pi) 

to evaluate the model efficiency. Among five model, ANFIS5 model shows best result with WI 

0.9597 and 0.9583 for training and testing period respectively 

while GWLt - 1, GWLt - 2, GWLt - 3, GWLt - 4, GWLt - 5 are considered as input parameter for

Dharamgarh gauge station. In case of station Narla preeminent WI value for training and testing 
period is 0.9542 and 0.9511 for model ANFIS5. The result for ANFIS model based on NSE, 

RMSE, WI for testing and training period is given in Table 3. For both the gauge station Gbell and 

some cases Gauss function proves prominent value of performance.  

Table 3 Outcomes of ANFIS model for prediction of GWL 

Similarly here also six membership functions are used to evaluate model efficacy. Here five different 

models are utilised for estimating NSE, RMSE, WI value for the proposed catchment. 

When             ,      ,              are utilised as input scenarios, WI value gives best 

outcome. Considering Dharamgarh, best value for WI is 0.9788 and 0.9763 for training and testing 

period respectively. Similarly for Narla station prominent value is 0.9745 for training and 0.9728 for 

testing phases respectively. The result of ANFIS-FFA model for both training and testing phase are 

signified in Table 4. 

Table 4 Outcomes of ANFIS-FFA model for prediction of GWL 

ANN5 5-0.4-1 0.668 89.65 0.9058 0.649 83.946 0.9049 

Narla 

ANNI 1-0.3-1 0.633 91.83 0.8863 0.619 89.267 0.8845 

ANN2 2-0.9-1 0.642 91.65 0.8911 0.628 88.792 0.8894 

ANN3 3-0.2-1 0.655 91.48 0.8975 0.635 86.251 0.8953 

ANN4 4-0.7-1 0.664 90.02 0.8999 0.641 84.338 0.8985 

ANN5 5-0.4-1 0.669 89.35 0.9048 0.645 82.694 0.9036 

Positions Model Membership 

function 

Training period Testing period 

NSE RMSE WI NSE RMSE WI 

Dharamgarh 

ANFIS1 Gbell 0.67 87.6 0.9394 0.659 80.892 0.9378 

ANFIS2 Gauss 0.687 85.81 0.9413 0.676 79.142 0.9392 

ANFIS3 Gbell 0.693 85.27 0.9465 0.685 78.762 0.9433 

ANFIS4 Gbell 0.721 83.32 0.9531 0.696 75.912 0.9508 

ANFIS5 Gbell 0.735 80.68 0.9597 0.71 73.762 0.9583 

Narla 

ANFIS1 Gauss 0.684 86.45 0.9349 0.66 80.792 0.9325 

ANFIS2 Gauss 0.689 85.68 0.9396 0.676 79.012 0.9367 

ANFIS3 Gbell 0.713 83.5 0.9438 0.692 76.652 0.9408 

ANFIS4 Gbell 0.722 82.23 0.9504 0.703 75.642 0.9482 

ANFIS5 Gbell 0.735 80.18 0.9542 0.713 73.472 0.9511 

Positions Model Membership 

function 

Training period Testing period 

NSE RMSE WI NSE RMSE WI 

Dharamgarh 

ANFIS-FFA1 Gbell 0.744 79.11 0.9597 0.723 70.702 0.9589 

ANFIS-FFA2 Gauss 0.756 77.55 0.9635 0.736 70.052 0.9613 

ANFIS-FFA3 Gbell 0.767 76.32 0.9692 0.741 67.862 0.9674 

ANFIS-FFA4 Gauss 0.783 73.92 0.9746 0.766 66.011 0.9701 

ANFIS-FFA5 Gbell 0.791 70.19 0.9788 0.778 65.113 0.9763 

Narla 

ANFIS-FFA1 Gauss 0.748 77.81 0.9591 0.734 70.092 0.9574 

ANFIS-FFA2 Gbell 0.759 76.46 0.9636 0.738 68.472 0.9598 

ANFIS-FFA3 Gauss 0.768 73.98 0.9678 0.745 66.357 0.9632 

869



4.1 Assessment of results for recommended model 

A comparison between ANFIS-FFA, ANFIS, and ANN model for testing of all projected stations are 

presented in Figure 8, 7, 6. The preeminent WI value for ANN, ANFIS, and ANFIS-FFA model is 

0.9049, 0.9583, and 0.9763 correspondingly for Dharamgarh station. Similarly for Narla station 

paramount WI value is 0.9036, 0.9511, and 0.9728 for ANN, ANFIS, and ANFIS-FFA model 

correspondingly.  

(a) 

(b) 

ANFIS-FFA4 Gbell 0.787 73.73 0.9695 0.77 65.836 0.9674 

ANFIS-FFA5 Gbell 0.804 70.03 0.9745 0.78 64.897 0.9728 

ephas

g estins during tstationgaugeNarla , (b) Dharamgarhl at (a) modeNANBest fit lines by 6Figure 
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(a) 

(b) 

Figure 7 Best fit lines by ANFIS model at (a) Dharamgarh, (b) Narla gauge stations during testing 

phase 

871



(a) 

(b) 

Figure 8 Best fit lines by ANFIS-FFA model at (a) Dharamgarh, (b) Narla gauge stations during 

testing phase 

Linear scale plot of actual versus predicted monthly GWL for projected model of proposed area is 

presented in Figure 9. Results demonstrate that estimated peak GWL is 7.382m, 7.72m, and 7.91m for 

ANN, ANFIS, and ANFIS-FFA against actual peak 8.1959m for station Dharamgarh. The 
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approximated peak GWL is 8.083m, 8.341m, and 8.472m for ANN, ANFIS, and ANFIS-FFA 

adjacent to actual peak 8.675m for Narla division.  

(a. i) 

(b. i) 

873



(c. i) 

(a. ii) 
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(b. ii) 

(c. ii) 

Figure 9 Variation of measured and predicted GWL using (a) ANN, (b) ANFIS, (c) ANFIS-FFA at 

(i) Dharamgarh, (ii) Narla gauge station

4.2 Comparison of best results 

ANN, ANFIS and ANFIS-FFA models are used for evaluating performance indices like NSE, RMSE, 

WI for two proposed station. Assessment of performance indices are stated in Table 5, which 

demonstrates effectiveness of each model. Hence computation of RMSE, NSE, and WI values are 

vital to predict GWL. It is obvious that ANFIS-FFA model is well executed as compared to ANFIS-

FFA and ANN. Accuracy of models are assessed and evaluated.  

Table 5 Performance indices of different models for GWL forecasting 

Stations RBF ANFIS ANFIS-FFA 

NSE RMSE WI NSE RMSE WI NSE RMSE WI 
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5. Conclusion

ANN, ANFIS and hybrid ANFIS-FFA models have been developed for groundwater level (GL) 

simulation and prediction in Kalahandi district, western Odisha, India w.r.t. the importance in 

prediction of GWL in the proposed study area. The monthly GL- data series were recorded at 2 wells. 

Based on the statistical performance evaluation indices, ANFIS-FFA model exhibited good results 

higher prediction power (0.0.9763 and 0.9728), followed by ANFIS model (0.9583 and 0.9511). 
Present study illustrated that data pre-processing could develop GWL modelling. Findings from study 

revealed that ANFIS-FFA hybrid model performed best. Obtained results of integrated ANFIS-FFA 

model demonstrate that combination of FFA optimisation algorithm into ANFIS improves 

performance of ANFIS model, specifically, in prediction period.  
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Abstract 

Saltwater intrusion is the instigated stream of ocean water into fresh water springs. Saltwater intrusion can occur 

either due to natural processes, mainly due to lack of natural replenishment from rainfall, or the over-extraction 

and unplanned exploitation of groundwater from the coastal aquifers. The higher demand for freshwater 

emphasizes the importance of properly managing these aquifers and preventing saltwater intrusion by over-

extraction. Numerical modeling is the most effective tool that hydrologists use to puzzle out and anticipate how 

saltwater intrusion occurs in coastal aquifers. The numerical models are based on the governing equations of 

groundwater flow and solute transport. One such numerical model is SEAWAT modeling, a three-dimensional 

variable-density groundwater flow and transport model that uses GMS as a pre - and post-processor. SEAWAT 

model integrates MODFLOW and MT3DMS in a groundwater modeling system (GMS) environment. This paper 

provides an overview of the use of SEAWAT on the quantification of saltwater intrusion in coastal aquifers, the 

status of research studies carried out, and the methodology to assess the impact of saltwater intrusion in coastal 

aquifers. 

Keywords: Saltwater intrusion, SEAWAT, GMS, Numerical modelling. 

1. Introduction

Over the decades, around one-third of the world, freshwater demand was met by groundwater 

extraction (Bear et al. 1999). The excessive withdrawal of groundwater disturbs the equilibrium 

between the freshwater –saltwater within the geological formation and causes upward movement of the 

seawater (Van Camp et al. 2014). Coastal aquifers measure the undersea equivalents of coastal areas 

where continental contemporary groundwater and seawater meet. They can be composed of a spread of 

rock sorts and karstified sedimentary rock, fractured rock, and loose sands. Their thickness varies from 

a couple of meters to over a km, land use pattern, topography, and climate are often too variable. Despite 

the various endless type of potential geological formation characteristics, coastal aquifers share some 

standard hydrogeological features. Since these are in geologically active environments, the distribution 

of water sorts is usually influenced by long-run geological processes (e.g., water level fluctuations). 

From a water management purpose of reading, coastal aquifer regions are at risk of salinization 

by saline water intrusion and up coning. Severe groundwater quality issues occur due to the unplanned 

exploitation of freshwater aquifers. This problem is most persistent in coastal aquifer systems, which 

are sensitive to decreased recharge impacts, contamination from natural and anthropogenic sources, and 

overexploitation, which are considered a threat to saltwater intrusion in a coastal aquifer (Oude Essink 

2001). Due to the disruption of natural hydrological conditions, climate change, and groundwater 

contamination, the rising demand for freshwater increases, causes an increase in the stress of available 

water resources and valuable ecosystems. 

The problem of saltwater intrusion was estimated along the coastal line of India, e.g., Madras 

(Rouve and Stoessinger 1980), Nellore (Datta et al. 2009), Karnataka (Lathashri and Mahesha 2015), 

Godavari Delta (Bobba, 2002). For well management of groundwater resources, suitable groundwater 

modeling is essential (Mall et al. 2006). For the development of a groundwater model of any natural 

system, the conceptual model is to be developed first, and then it has to be converted into a numerical 

model (Bredehoeft 2005). In a generic sense, a conceptual model is a simplified representation of the 

site to be modeled, including the model domain, boundary conditions, sources, sinks, and material 

zones, and organizes the associated data such that modeled system can be analyzed more easily 
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(Anderson and Woessner, 1992). While developing a conceptual model when there are spatial variations 

in fluid density, such as in coastal aquifers, investigations on groundwater flow are more complicated 

because the density variation affects the rates and fluid flow patterns. To address these, an accurate 

representation of the variable-density groundwater flow model is necessary (Langevin et al. 2007). 

The theory of variable-density groundwater flow has been studied for several years, which 

began with the early works of (Drabbe and Ghijben 1888; Herzberg 1901); later, a simple equation that 

relates the densities of saltwater and freshwater was developed (Hubbert 1940). A semi-analytical 

solution under the condition of constant seawater head movement towards freshwater was developed to 

define the location and shape of the interface (Henry and R., 1964). 

2. Various research studies in India

Various groundwater modeling studies that were carried out in order to identify the status of 

saltwater intrusion to freshwater coastal aquifers along the coastal line of India are presented below. 

These models were developed using various modeling systems that form a base for future modeling 

studies and help choose that particular modeling system that meets the area's requirements to be 

modeled and the issues to be addressed. 

Lathashri and Mahesha (2015) developed a grid-based single layer variable density SEAWAT-

2000 model to conceptually simulate the groundwater flow and transport for the coastal stretch in 

Karnataka state. The model was run under the steady-state condition for a month, and the transient 

simulation was carried for two years with TDS as an indicator of saltwater intrusion. The model is 

validated from September 2013 to August 2014. The sensitivity analysis concluded that the hydraulic 

conductivity and specific yield of zone 2 and zone 3 of the coastal area are highly sensitive. 

Bobba (2002) developed a density-driven salt-water intrusion process using a 2-D finite 

element SUTRA model and applied it for India's Godavari Delta to analyze the spatial and temporal 

behavior of the coupled mechanism of salt-water and freshwater flow due to the effects of human 

activities and the changes in sea-level. 

Datta et al. (2009) used FEMWATER to developed a finite element-based flow and transport 

simulation mode and implemented it for a coastal aquifer in the Nellore district of Andhra Pradesh, 

India. The developed model was calibrated for two years between July 2000 and July 2002 and was 

validated for the next two years, i.e., for July 2002 and July 2004. The calibrated and validated model 

was used to evaluate the effectiveness of planned pumping strategies to control saltwater intrusion. 

Various pumping strategies were addressed by incorporating additional pumping wells at different study 

areas' locations to suggest the best measure to control the saltwater intrusion. 

Gopinath et al. (2019) simulated a variable-density SEAWAT model to consider the dynamic 

dispersion between the freshwater and seawater. The simulated model was then calibrated and validated. 

The magnitude of seawater intrusion for 50 years after 2013 is forecasted, and the results concluded 

that there is extra migration of saline intrusion inland. 

Senthilkumar and Elango (2004) developed a two-layered finite-difference MODFLOW flow 

model, and it was used to simulate the groundwater head in the lower Palar River basin for a period of 

11 years; and the results of the simulation indicate that the aquifer system was stable for the existing 

pumping conditions; however, at few locations seawater intrusion of up to 50-100 m inland was 

expected to occur. 

Sathish and Elango (2015) made an attempt to predict the behavior of the aquifer with different 

hydrological stresses by developing a three subsurface layered numerical finite element approach using 
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FEFLOW software and concluded that due to the increase of discharge, there is an abrupt change in the 

interface of seawater and freshwater. 

Pramada and Mohan (2015) developed a methodology to study the effect of heterogeneity on 

seawater intrusion modeling based on stochastic Monte-Carlo simulation and SEAWAT model 

simulation.  The results indicated that even a small variation of hydraulic conductivity would give a 

significant error in the prediction of length of saltwater intrusion by 14 m. 

Surinaidu et al. (2015) developed a variable density, groundwater flow, and solute transport 

numerical SEAWAT model in order to predict saltwater intrusion in the central Godavari delta region, 

Southern India, over the next 50 years. The up-coning phenomena were predicted and indicated that 

this phenomenon could extend up to 500 sq. km. 

For sustainable groundwater management and to preserve fresh groundwater resources, the 

mitigative measures of seawater intrusion plays a significant role. The major mitigative measures 

include the following: (a) reduction in pumping, (b) rearranging of pumping wells, (c) increasing 

groundwater recharge, (d) saltwater pumping, and (e) sub-surface barrier (Manivannan and Elango 

2019). Among these methods, the most feasible one is the method of reduction in pumping and 

rearranging of the pumping wells such that the groundwater pumping near the coast should be reduced 

and the pumping wells shall be shifted away from the coast. Various mitigative measures that were tried 

and tested by researchers are presented below. 

Pandian et al. (2016) found that by the reduction in pumping rate, the groundwater level has 

been increased in the coastal aquifer of Chennai using numerical simulation. Christy and Lakshmanan, 

(2017); Zaveri and Patel (2016) identified that the construction of percolating ponds could improve the 

groundwater quality in seawater-intruded regions. Sherif and Hamza (2001) used numerical simulations 

to study the impact of pumping brackish water in the coastal aquifer of Chennai to mitigate seawater 

intrusion. Janardhana Raju et al. (2013) concluded that the construction of subsurface barriers, i.e., the 

subsurface dam, can arrest the movement of seawater towards the land. Among all the above tested and 

tried mitigation methods, increasing recharge is found to be the most efficient, technically simple, and 

low-cost method by which the seawater intrusion can be mitigated (Manivannan and Elango 2019). 

3. Methodology to develop a conceptual model of SEAWAT

The methodology for the development of a conceptual model to study the saltwater intrusion 

involves three major steps. To begin with, construction of a MODFLOW conceptual model, then 

creating a grid and converting the conceptual model data to the MODFLOW data defined at the grid 

cells, running the MODFLOW simulation by including the transport module and assigning the 

concentrations to the sources and sinks, also describing the layer data which includes porosity, 

longitudinal dispersity, sorption constants, and bulk density. Secondly, mapping the developed model 

to MT3DMS so that it assigns the MT3DMS data to the appropriate cells in the grid. Finally, enabling 

the SEAWAT in the model interfaces, creating a SEAWAT simulation. 

A typical flow chart which includes the various aspects for a saltwater intrusion study in Figure 1. 
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Figure 1 Flow chart to develop a SEAWAT model. 

SEAWAT, a coupled version of MODFLOW (Harbaugh et al. 2000) and MT3DMS (Zheng 

1999, 2009) which is designed to simulate 3-D, variable-density ground-water flow and transport of 

multi-species. The two additional packages that are included in SEAWAT are Variable-Density Flow 

(VDF) and Viscosity (VSC). The Variable-Density Flow process of a constant-density Ground-Water 

Flow (GWF) uses the concept of MODFLOW-2000. The solute transport equation is solved by the 

MT3DMS part of SEAWAT and is referred to as the Integrated MT3DMS transport process. 

Groundwater Modelling System (GMS) supports SEAWAT as a pre-and post-processor. The 

interface to SEAWAT is based on the interface of MODFLOW and MT3DMS. GMS generates the 

input data for SEAWAT and uses the interfaces of MODFLOW and MT3DMS for assigning boundary 

conditions. 

3.1 Basic assumptions of SEAWAT 

The development of the flow process in the SEAWAT is based on the following assumptions. 

• Darcy’s law is valid (laminar flow).

• In a confined aquifer, the standard expression of specific storage is valid.

• It also assumes that Fick’s law, which is based on the diffusive approach to dispersive transport,

is applicable.

• The conditions of isothermal are applicable.

• The porous medium is assumed to be fully saturated.
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3.2 Governing equations for groundwater flow and solute transport 

3.2.1 Governing equation for variable-density groundwater flow 

The principle of conservation of mass for both fluid and solute is applied. For a representative 

elementary volume, the rate of accumulation of mass stored is equal to the algebraic sum of the mass 

fluxes of the element across the faces and the exchange of mass due to sinks or sources. 

 For a variable-density ground-water flow in porous media, the general form of a partial differential 

equation is given by 

−∇ ∙ (𝜌𝑞 ̅) + 𝜌 ̅𝑞𝑠 = 𝜌 Sp 
𝜕𝑃

𝜕𝑡
+ 𝜃

𝜕𝜌

𝜕𝐶

𝜕𝐶

𝜕𝑡
  (1) 

where: 

𝛻 is the gradient operator 
𝜕

𝜕𝑥
+

𝜕

𝜕𝑦
+

𝜕

𝜕𝑧

𝜌 is the fluid density [ML-3], 

�̅� is the specific discharge vector [LT-1], 

𝜌 ̅ is the density of water entering from source or leaving through a sink [ML-3],

𝑞𝑠 represents the volumetric flow rate per unit volume of aquifer sources and sinks [T-1],

𝜃 is the porosity [dimensionless], 

T is time [T] 

P is fluid pore pressure [ML-1T-2], 

C is solute concentration [ML-3], and 

Sp is the specific storage in terms of pressure [ML-1T2]. 

3.2.2 Governing equation for solute transport 

The groundwater movement is affected by the flow of groundwater, which causes the 

redistribution of solute concentration, and this alters the density field. Therefore, there occurs a coupled 

process due to the movement of groundwater and the transport of solutes in the aquifer; hence these two 

equations must be solved jointly. In a porous media, the solute mass is transported by the flow of 

groundwater (advection), molecular diffusion, and mechanical dispersion. The partial differential 

equation that describes the transport of solute mass in groundwater is given by (Zheng and Bennett, 

1995). 

𝜕𝐶

𝜕𝑡
= 𝛻 ∙ (𝐷 ∙ 𝛻𝐶) − 𝛻 ∙ (𝑣 ̅C) −

𝑞𝑠

𝜃
𝐶𝑠 + ∑ 𝑅𝑘 𝑁

𝑘=1      (2) 

where: 

D is the hydrodynamic dispersion coefficient [L2T-1], 

𝑣 ̅is the fluid velocity [LT-1],
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Cs is the solute concentration of water entering from sources or sinks [ML-3], and 

Rk (k= 1... N) is the rate of solute production or decay in reaction k of N different reactions [ML-3T-1]. 

3.3 Boundary conditions for a groundwater flow model 

To solve the differential equations for groundwater flow and transport model, the boundary 

conditions must be specified. The three categories in which mathematical boundaries are commonly 

defined are Dirichlet (constant head or concentration), Neumann (specific flux), and Cauchy (head-

dependent flux or mixed boundary condition). On the groundwater regimes, the physical features that 

impose boundary conditions include streams, surface-water bodies, seepage faces, drains, low-

permeability boundaries, discharging wells, injection wells, and recharge. The processes that impose 

boundary conditions include evapotranspiration. 

3.3.1 Dirichlet boundary 

 A Dirichlet boundary (also referred to as Type I) is one in which, at all points along the 

boundary, the value of head or concentration is specified. The head or concentration value is treated as 

a known quantity in the solution of the equation and maybe a space-variant or a time-variant. 

3.3.2 Neumann boundary 

The Neumann boundary (also referred to as Type II) is the one in which the gradient of the 

dependent variable is specified as normal to the boundary. This boundary condition for a groundwater 

flow results in a specified flux of water into or out of the modeled area. The concentration gradient is 

specified normal to the boundary for a solute transport, which results in a specified dispersive flux of 

solute across the Neumann boundary. A special case of the Neumann condition flow and transport is an 

impermeable boundary in which the gradients of head and concentration are zero.  

3.3.3 Cauchy boundary 

Cauchy boundary (also referred to as Type III) is represented by a head-dependent flow 

condition for the simulation of flow (Anderson and Woessner, 1992). For a solute transport, the Cauchy 

boundary, however, is not homologous because boundary conditions for solute transport contain both 

advective and dispersive components. For solute transport, the Cauchy boundary represents a boundary 

on which both concentration and concentration gradient is specified (Zheng and Bennett, 1995). The 

total flux of solute mass across the boundary will result when a Cauchy boundary condition in the 

transport model coincides with a Neumann boundary condition in the flow regime. 

3.4 Initial conditions 

The starting values for the dependent variable are represented by initial conditions, which 

include freshwater head for groundwater flow and concentration for solute transport. For transient 

simulations, the initial conditions for both flow and transport must be specified. 

3.4.1 Sink and Source terms 

Sinks and sources may be aerially distributed or localized. Aerially distributed sinks or sources 

include recharge and evapotranspiration; localized sinks and sources may include wells, drains, and 

rivers. In the case of sources, which provide a mechanism for transports solute mass into the flow 

systems, the solute concentration of the source water must be specified. 

3.4.2 Concentration and Density 
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The relation between solute concentration and fluid density is required in order to calculate the 

change of fluid mass in the representative elementary volume due to the change in solute concentration. 

4. Conclusion

This study brings out the work carried out by various researchers and different methods of 

identifying seawater intrusion and mitigation. It is essential that studies on seawater intrusion need to 

be cross-verified by the researchers with a greater level of accuracy by incorporating different methods 

of identification such as groundwater level measurements, geophysical investigations, hydro chemical 

analysis, application of chemical indices, and isotopic signatures. Further, in a tropical country like 

India, where the rainfall is due to monsoons, seawater intrusion's temporal dynamics need to be 

assessed. 
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Abstract 

Climate change scenarios with a high spatial and temporal resolution are required in the evaluation of the effects 

of climate change on water resources and agricultural potential. In the present study, GCM CAN ESM2 was 

employed to generate the future climatic data under RCP scenarios 2.6 and 8.5 for Vidisha district of Madhya 

Pradesh. The Vidisha district lies at 23.5251°N and 77.8081°E covering an area of 7371 km
2
. The FAO 

CROPWAT tool was utilised to estimate the future total reference evapotranspiration for years 2030, 2060 and 

2090. In this region, the ETo values for RCP 2.6 were found to be in the range of 394.5 – 510 mm for years 

2030, 2060, 2090. While the ET0 for RCP 8.5 was found out to be 436 – 710 mm for years 2030, 2060, 2090 

respectively. It is seen that there is maximum variation in the ET0 values under RCP 8.5 climate scenario. The 

RCP scenario 8.5 is the worst case scenario in which the water requirement is surely increasing in the future. 

The results of this work can be utilised for proper irrigation scheduling and thereby reducing the agricultural 

risks due to climate change. 

Keywords: Climate Change, CANESM2, CROPWAT, Evapotranspiration 

1. Introduction

The GCMs constitutes the climate system in a simplified form and prove to be powerful tool in 

finding the impacts of climate change (Johnson & Sharma, 2009). Climatic projections are to be 

considered as competent technique to put up the possible future situations under specified emission 

scenarios (Suppiah et al. 2007, IPCC 2007).  

The reference evapotranspiration (ETo) is an important agrometeorological parameter which has been 

used in a number of applications. In recent years, extensive research efforts have examined the 

potential impact of climate change on reference evapotranspiration (ET0).The reference 

evapotranspiration (ETo) is defined as the loss of water to the atmosphere by evaporation and 

transpiration from an extended surface of 8-12 cm tall green grass cover, usually a well-watered, 

actively growing and completely shading the ground. By applying a crop coefficient (Kc) values, this 

ETo can be used to estimate the crop evapotranspiration (ETc), (Doorenbos and Pruitt, 1975). The 

adoption of exact or correct amount of water and correct timing of application is very essential for 

scheduling irrigations to meet the crop’s water use demands and for optimum crop production. 

Estimation of crop water requirements (ETc) is one of the main components used in irrigation 

planning, design and operation (Rowshon et al. (2013), Mehta and Pandey, (2015). Pandram and 

Choudhary (2015) conducted a case study on analyzing the irrigation water requirement and irrigation 

scheduling of wheat crop for rabi season using 9 year (2005-2013) climatic data of Halali dam 

command area in Vidisha district of Madhya Pradesh state, India. Reference crop evaporation was 

calculated by meteorological data viz Temperature, Relative humidity and Sunshine hr which is 

collected from meteorological station Vidisha district. Crop coefficient Kc value was taken according 

to crop growing stages as per given by the FAO Technical Paper “Irrigation and Drainage paper No. 

24”. The total crop water requirement of wheat was found to be 209.7 mm due to recurrence of 

rainfall. Mehta and Pandey (2015) conducted a study to determine the ET0 and ETc of wheat and 

maize for 16 stations in Gujarat. The results revealed that during winter season (Nov. 15 to March 13) 

the mean daily (ETo) varies from 4.2 to 7.6 mm/day. 

The present study was conducted employing the FAO – CROPWAT tool and CANESM2 climate 

model to determine the impact of climate change on future reference evapotranspiration for the 

Vidisha district of Madhya Pradesh.  
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2. Materials and Methods

The present study has been carried out for the Vidisha district of Madhya Padesh, lies at 23.5300°N 

and 77.8200° E (Figure 1).  In the present study, GCM CAN ESM2 was employed to generate the 

future climatic data under RCP scenarios 2.6 and 8.5 for Vidisha district of Madhya Pradesh. The 

FAO CROPWAT tool was utilized to estimate the future total reference evapotranspiration for years 

2030, 2060 and 2090.  

Figure 1 Study Area 

The region encompasses an area of 7302 km
2 
and having an average precipitation of 1229.9 mm.  

The Vidisha region comprises of Gulabganj, Basoda, Gyaraspur, Nateran, Lateri, Sironj and Kurwai 

tehsils. The principal crops grown here are Wheat, Soybean, Gram, Paddy and Tuar. 

The CROPWAT 8.0 Window based computer program for the calculation of crop water requirements 

and irrigation requirements based on soil, climate and crop data. In addition, the program allows the 

development of irrigation schedules for different management conditions and the calculation of 

scheme water supply for varying crop patterns. The CROPWAT 8.0 can also be used to evaluate 

farmers’ irrigation practices and to estimate crop performance under both rain fed and irrigated 

conditions. All calculation procedures used in CROPWAT 8.0 are based on the two FAO publications 

of the Irrigation and Drainage Series, namely, No. 56 "Crop Evapotranspiration -Guidelines for 

computing crop water requirements” and No. 33 titled "Yield response to water".  
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3. Results and Discussions

The future ETo values for the years 2030, 2060 & 2090 under emission scenarios RCP 2.6 & 8.5 was 

estimated using FAO CROPWAT & CANESM2. The future ETo for Vidisha district was compared 

to the average ETo and ETc (2000-15 years) data (Table 1). 

Table 1 Comparison of Average Reference ET0 and Future ET0 for the Vidisha district 

Region/District 

Average 

ETo 

(2000-

2015) 

ETo 

Year 2030 

ETo 

Year 2060 
ETo Year 2090 

RCP 

2.6 

RCP 

8.5 

RCP 

2.6 

RCP 

8.5 

RCP 

2.6 

RCP 

8.5 

Vidisha 

425 

394.5 436 442 638 510 710 

% change in ETo 

compared to 

Average ETo 

(2000-15) 

-7.17 2.58 4 50.11 20 67.05 

In the Vidisha region, the ETo values for RCP 2.6 showed a small decrease of 7.17% for the year 

2030, but for years 2060 and 2090, ETo value depicted an increase up to 20%. However the ETo 

values for RCP 8.5 showed much higher increase up to 67.05%. The negative effect of climate 

change was found on ET0 which is maximum under the RCP 8.5 of 67.05% increase in ET0 value in 

the year 2090. Hence the year 2090 can be assumed to have the highest vulnerability under RCP 8.5 

scenario (Patel et al. 2018). 

4. Conclusions

It can be concluded that the future climate at Vidisha region could lead to increase in the reference 

evapotranspiration values. The maximum increase in ETo value was found to be for the year 2090 

under RCP scenario 8.5 indicating high demands of water. It is also concluded that the FAO 

Cropwat model can be applied to other crops as well as in other regions to estimate the future 

changes in ETo and accordingly proper irrigation and cropping strategies can be formulated for the 

farmers that will help decrease the agricultural risks due to change in climate. 
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Abstract 

Hydrological modeling is a commonly used tool to estimate the basin’s hydrological response due to 

precipitation. Present thesis work aims to calibrate and validate HEC-HMS rainfall runoff model for 

Bah river basin at Ganjbasod discharge measurement site in Vidisha district. The sub-catchment area 

of Bah river with its outlet at Ganjbasoda is 564.047 km2 which lies between the 23°30’00”N latitude 

to 23°54’30”N latitude and 77°17’00”E longitude to 77°35’30”E longitude. HEC-HMS uses separate 

mathematical models to represent each component of the runoff process, for runoff volume SCS Unit 

hydrograph and for routing Lag model was used. The model was calibrated and validated at 

Ganjbasoda using for three years, 2004, 2008 and 2012 Based on the soil classification, the given area 

falls under the soil; groups D with soil moisture condition of AMC-II The result from the model is 

compared with the observed discharge and performance of the model is measured using five 

performance indices. The results shows that curve number is an sensitive parameter for watershed. 

For the calibration year 2004 (R2= 0.776, NSE=0.754, RMSE=49.13, MAE=17.07, Pdv=34.43%) and 

for the valiation year 2008 (R2= 0.687, NSE=0.712, RMSE=54.90 , MAE=15.76, Pdv=26.88%) and 

for 2012 (R2=0.819, NSE=0.790, RMSE=78.66 , MAE=20.60, Pdv=8.57%). 

Keywords:  AMC, Curve Number, HEC-HMS, NSE, R
2
.

1. Introduction

Runoff is among the main hydrological variables used in several water management applications. A 

rainfall runoff modelling (hydrological) anticipate evaluating the runoff from precipitation in a 

catchment. Watershed management and planning involves a detailed knowledge of the hydrological 

models process and a precise evaluation of the runoff. Identifying micro-level runoff is important for 

the management of water and soil conservation activities in a water bodies. A model is a visual 

representation of a system in the real world, consisting of a series of parallel equations or a rational 

collection of operations found in a computer program. Exiting models can be categorized into three 

types: 1) physically based model 2) Empirical (statistical /metrical) model and 3) conceptual model. 

Empirical models are usually the simplest of all models of any other type. Normally the data needed 

for the empirical model is less than in other models. Conceptual models are lies between physical 

based models and empirical models. Models based on physical processes consider the combination of 

individual components which affect the runoff. Such simulations help imagine the water management 

reaction because of changes in land-use and meteorological events. Physical processes that transform 

rainfall into runoff are developed using the specific parameters representing the watershed with a 

sequence of equations. The key issue with runoff calculation using traditional approach is that these 

methods are too costly and time consuming for input data generation. Although RS technology has 

been found effective over traditional approaches, this technique has been used by several researchers 

in studies of rainfall runoff. Land use is a significant parameter of the runoff cycle which affects 

infiltration, erosion, and evapotranspiration. Remote sensing can be used to measure many of the 

hydrological variables used in the hydrological model. In general, the role of remote sensing on runoff 

measurement is to provide a source of input data or such as a support in evaluating the model 

parameter and runoff coefficient. By way of synoptic reach, continuous data acquisition capacity, 
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spatial knowledge, real-time data collection and device usability, remote sensing techniques offer an 

important method for short-term mapping and tracking of natural resources. 

2. Materials and Methods

The river Bah is tributary to the River Betwa. The Bah River Basin is the case study of this research 

located in the town of Vidisha, Madhya Pradesh India. Vidisha district is situated in the central part of 

Madhya Pradesh falling under Indian survey toposheet No. 54H, 54L, 55E and 55 I. The region is 

bounded in the North by the area of Guna, in the Southeast by Sagar and Raisen, in the South by 

Raisen and in the Northwest by Bhopal. Agriculture is the district’s principal profession of the 

residents. The major crops sown in the district are the wheat, Jawar, Maize and Soyabean. Bottom 

water plays a vital role in irrigation Sanjay sagar dam hinotiya ghat site situated at the Ganjbasoda 

village of vidisha district. This location situated at 23°46’08”N latitude and 77°30’33”E longitude 

with the elevation of 421.88 m mean sea level. Here the GD site is located from where the outflow 

discharge can be measured and The study area is located between the 23°30’00”N latitude to 

23°54’30”N latitude and 77°17’00”E longitude to 77°35’30”E longitude. The catchment is on the 

plateau of Malwa and the hills of Vindhyan with an undulating topography located in central part of 

Madhya Pradesh having area 564.047 km
2
. As water shed being situated in plateau region and 

dominant with agriculture and forest land Water availability is also an common and critical concern in 

the region. 

Figure 1 Location of Study Area Bah River 

The HEC-HMS model can be used to assess urban flooding, flood duration, flood warning system 

preparation, river spillway capacity, stream regeneration, etc. The proliferation of personal computers 

and the growth of the United States HEC-1 platform. In 1998, the Army Corps of Engineers published 
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a user-friendly HEC-HMS concept based on a GUI (graphical user interface) in the public domain as 

another useful method for field hydrologists. Unfortunately, owing to the complexity inherent in 

calculating parameters of the simulations, the HEC-HMS model, or any of the other watershed 

simulations for that matter, has not attracted other takers. However, parameter estimation at least on a 

scale could be necessary to turn to watershed models such as the HEC-HMS and take advantage of 

high-speed computing programs than spreadsheet workouts. 

The HEC-HMS contains four main components, 

1. An empirical process for estimating the runoff overland as well as channel routing.

2. An integrated graphical user interface demonstrating elements of hydrologic structures

with collaborative features.

3.. A data collection and management system, with explicitly broad, time-variable datasets

4. This model is not optimized and tested for the Betwa basin and requires accurate data inputs to test

the model's suitability for the position and purpose of the analysis. Calibration of rainfall-runoff

models with respect to local observational data is used to increase model predictability.

3. Results and Discussions

The watershed is consider as a single sub-basin as per the availability of hydro-meteorological data. 

Parameters of different hydrographs along with different type of data in sub basin are provided and 

parameters are adjusted after calibration using the optimization method. In the analysis three incidents 

were used for HEC-HMS model initialization and validation. The rainfall data is collected from two 

rain gauges namely Lateri and Berasia Station. The weighted rainfall is measured using thiessen 

polygon equation. HEC-HMS model is calibrated and validated for the year 2004, 2008 and 2012 

respectively. 

Table 1 Performance of HEC HMS Model 

4. Conclusions

In the study area for the analysis reservoir of the sanjay sagar dam is dominated by agriculture is 

selected for a simulation of the rainfall runoff. The region predominates with agricultural land and 

comes under semi-arid zone, where the planning and management of water resources is important for 

irrigation scheduling, water harvesting, flood control, drought prevention and design of various 

engineering structures. the year 2004 to 326.76 km2 in year 2008, in agriculture land khraif crop area 

has decrease from 2004 to 2008, and double/triple crop area has increased widely. Whereas forest 

land has not much changes.  Also evaluated in this study is the effect of fancier resolution remote 

sensing image LISS-III, which produces good classification and enhanced precision of the HEC-HMS 

model in rainfall-runoff modeling. 
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Abstract 

      Coastal phenomena are dynamic in nature by various coastal and metrological parameters. 

Shoreline-change data is one of the key parameters for understanding coastal erosion (landward retreat) 

and deposition (advance and growth through accretion) along with coastal morpho-dynamics. Satellite 

images are found to be low-cost alternative for extraction of shoreline and as an addition to traditional 

methods. The Digital Shoreline Analysis System (DSAS) as a software extension within the 

Environmental System Research Institute (ESRI) ArcGIS© has been used by many scientists in 

measuring, quantifying, calculating and monitoring rate-of-change of shoreline statistics from multiple 

historic shoreline positions and sources. 

In this study, the shoreline changes for selected stretches behind the South breakwater of Pradip 

port were analysed. Satellite-derived shorelines and corresponding shoreline-change rates have been 

estimated and evaluated. The Land sat archive data for different years were downloaded from the 

website - http://earthexplorer.usgs.gov/ The important factors considered for finalizing the satellite 

images were cloud cover, similar tide conditions, similar season data, uniform projection system, etc.  

Now UTM WGS 84, Zone 45N projection system was used for analysis. 

The shoreline features were identified using tonal differences between land and sea. A band ratio 

technique was applied to differentiate land and water pixels. Further vectorization technique was 

applied to get shoreline features in Arc-GIS environment. To further refine results visual interpretation 

was carried out for editing shoreline features to enhance accuracy. Finally, shorelines were obtained for 

the years 1992, 1997, 2003, 2008, 2013 and 2018. Shoreline-change rates has been estimated using time 

series of satellite-derived shorelines. The shoreline change statistics were derived based on Net 

Shoreline Movement (NSM) technique. The net shoreline movement reports a distance, not a rate. The 

NSM is associated with the dates of only two shorelines. It reports the distance between the oldest and 

youngest shorelines for each transect. This represents the total distance between the oldest and youngest 

shorelines. End Point Rate (EPR) is another important parameter, which indicates the rate of movement 

of shoreline and erosion/accretion. 

Through this study the net shoreline movement behind the south breakwater of Pradip Port is calculated 

very accurately and comparable with the filed data. From EPR the rate of movement of shoreline is 

computed. 

  Key words: Landsat images, GIS, Historical Trend Analysis, DSAS, Shoreline Changes, transects, PR. 

1. Introduction

The interface between land and sea, which is well known by coastal shorelines, change variably in 

response to one or more factors, which may be morphological, climatological or geological in nature. 

Coastal erosion and deposition as well as coastal morpho-dynamics are identified by Shoreline 

geometry. Waves, tides, rivers, storms, tectonic and physical processes, sea-level rise, varying coastal 

climates including marine, astronomical or other meteorological factors are responsible for change in 

shoreline geometry. Coastal engineers face the challenges to coastal infrastructure, morphological 

changes to adjacent estuarine systems and coastal communities due to erosion and deposition. (e.g. 

Benumof et al., 2000; Moore and Griggs, 2002; Collins and Sitar, 2008; Katz and Mushkin, 2013). 

Knowledge and assessment of the changes in shoreline position have proved crucial in the overall 

understanding of dynamics in coastal areas and the morphodynamical processes driving the change. 
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Short-term or long-term changes in the position and geometry of shorelines are very important in the 

understanding of coastal dynamism and the management of coastal areas (Esteves et al., 2009; Rio et 

al., 2013). Short-term field research by intensive field measurement of shoreline is mostly used to 

evaluate shoreline responses to the coastal forcing (Collins and Sitar, 2008; Young et al., 2009; Quinn 

et al., 2010; Brooks et al., 2012). However, the wider range of longer time marine or terrestrial events 

which drive shoreline responses may not be appropriately linked or accounted for. Therefore, 

quantitative analysis of shoreline changes at different timescales is very important in understanding 

and establishing the processes. To evaluate change in coastal region, the most basic indicators act as 

shoreline geometry and position. The Digital Shoreline Analysis System (DSAS) as a software 

extension within the Environmental System Research Institute (ESRI) ArcGIS© has therefore been 

used in investigating the dynamics of shoreline movements and changes at both shorter (e.g. Brooks 

and Spencer, 2010) and longer / historical (e.g. González-Villanueva et al., 2013) time scales from 

multiple historic shoreline positions. The main application of DSAS is in utilization of polyline layers 

as representation of a specific shoreline feature (e.g. base line, mean high water mark, cliff top) at a 

particular point in time. Based on comparison of shoreline positions through time, a range of statistical 

change measures are derived within DSAS. These include Net Shoreline Movement (NSM), Shoreline 

Change Envelope (SCE), End Point Rate (EPR), Linear Regression Rate (LRR) and Weighted Linear 

Regression Rate (WLR). The DSAS tool is effective in facilitating an in-depth analysis of temporal 

and historical movement of shoreline positions and cliff geometry despite of its inability to determine 

the forcing of morpho-dynamics. The focus of this article is the application of Historical Trend 

Analysis (HTA henceforth) to analyze changes in shoreline positions, change in morphology, 

identification of areas of ‘cut’ and ‘fill’, or erosion and deposition over historical time. However, it is 

only by including longer time periods of investigation that a wider range of past coastal events, 

magnitudes and frequencies can be linked with the shoreline morpho-dynamics (Wolman and Miller, 

1960; Brooks et al., 2012). is, therefore, one of the key approaches used in the analysis of change over 

historical timescales (Blott et al., 2006; HR Wallingford et al., 2006). This ‘bottom-up’ approach is 

used to identify past behaviour in order to predict future trends. The ability to compute the rate of 

change statics for a time series of shoreline positions is one of the main benefits of using DSAS in 

coastal change analysis. The statistics allow the nature of shoreline dynamics and trends in change to 

be evaluated and addressed.  

1.1 Digital shoreline analysis system (DSAS) 

 DSAS has been developed as a freely available extension to Environmental System Research Institute 

(ESRI)’s ArcGIS (Thieler et al., 2009). It has been updated and upgraded over time, so multiple versions 

exist allowing its use with ArcView 3.2 through to ArcGIS v10. In 2013, a web-based version 

(DSASweb) was released (USGS, 2013). The latest version released is version: 10.8.1 (July 2020) 

Previous Version: 10.8 (February 2020). Download and further information on the installation and use 

of DSAS can accessed at http://woodshole.er.usgs.gov/projectpages/dsas/. Instructions, usage of the 

software and the configuration of input and output parameters are well documented in Thieler and 

Danforth (1994a, 1994b) and Thieler et al. (2009). There are numerous examples of the use of DSAS 

in the study of coastal behaviour and shoreline dynamics utilizing DSAS in Historical Trend Analysis, 

coastal system dynamics, shorter time shoreline changes, cliff geometry modelling and estimations. 

Within DSAS, shoreline change is calculated at specific transects, and the time-series of change at 

specific locations can be evaluated using the DSAS output. Shoreline change positions are unique 

features in DSAS analysis. Digitization technique is used to extract the specific features of interest, 

these may include Mean Low Water (MLW) and Mean High Water (MHW) marks. Shoreline positions 

can be derived from satellite imageries, digital orthophotos, aerial photographs, global positioning-

system field surveys (GPS/ and dGPS), historical coastal survey maps, or extracted from LiDAR 

surveys (e.g. Stockdon et al., 2002; Weber et al., 2005; Himmelstoss et al., 2011; Hapke et al., 2011; 

Hapke et al., 2013). To maintain the accurate and careful digitisation of shoreline position, care should 

be taken in to account to use constant reference to the same feature when digitising from other sources,. 

Limitations associated with digitisation and synthesisation of variable quality and resolution data 

derived from various sources as a result of irregular time sampling interval can not overcome by DSAS 

analysis. Data quality cannot be overlook to avoid this. To achieve data quality proper care should be 
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taken to determine integrity , relevance and quality of any data to be used in analysis. Data quality must 

not be compromised in shoreline analysis using DSAS. Logical consistency , positional accuracy, 

completeness, and precision , scale, spatial resolution and shoreline geometry are the few indices to 

check the quality of data. Uncertainties introduced and associated with shoreline mapping procedures 

be identified and included in shoreline change analysis so as  reflect the long-term trend which are not 

based on short term variability. The DSAS approach calculates shoreline rates of change based on the 

measured differences between the shoreline associated with specific time period, Statical measure 

which are possible in DSAS are as follows (i)Net Shoreline Moment (NSM) is the distance between the 

oldest and youngest shorelines, (ii) Shoreline Change Envelope (SCE): The envelop shows the  total 

change in shoreline movement considering all available shoreline positions reporting their distances, 

without reference to their specific dates. (iii) End Point Rate (EPR): derived by dividing the distance of 

shoreline movement by the time elapsed between the oldest and the youngest shoreline positions. It 

provide the information about the rate of change of shoreline, (iv) Linear Regression Rate (LRR): 

determines a rate-of-change statistic by fitting a least square regression to all shorelines at a specific 

transects. Further statistics associated with LRR include Standard Error of Linear Regression (LSE), 

Confidence Interval of Linear Regression (LCI) and RSquared of Linear Regression. Other standard 

DSAS statistical parameters are Weighted Linear Regression Rate (WLR) and associated measures 

Standard Error of Weighted Linear Regression (WSE), Confidence Interval of Weighted Linear 

Regression (WCI), R-squared of Linear Regression (WR2)) and Least Median of Squares (LMS). All 

parameters can be illustrated to show the spatial patterns of change in shoreline change statistics. Choice 

of statistical method mainly depends on the analysis to be investigated and the characteristics of the 

datasets.  

2.0 Case Study : 

The present article is related to determination of shoreline change behind the south breakwater of  the 

Paradip Port, which is a major port in India situated along its east coast at Latitude 200 15’ 56” N, 

Longitude 860 40’ 35” E, which caters to the large portion of the sea-borne trade of the eastern part of 

country. 

Fig.1 Map showing the location of Paradip Port with local geometrical  features and google image 

 The area where the port of Paradip presently exists was once a mangrove swamp used for hunting fish 

and collecting wood. In 1948 the then Government of India decided to build a port between the existing 

ports of Visakhapatnam at South and Calcutta at North. Accordingly in 1966 the 8th major port of India 
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or the Port of Paradip was built (Fig.1). Two breakwaters of lengths 1220 m (south breakwater) and 540 

m (north breakwater) protect the port area from wind  induced waves from predominant wave direction 

viz South , East -South-East. The approach channel initially had a draft of 12.8 m, length of 2020 m 

and width of 190 m at the entrance aligned at 120° to North. Later, the channel draft was deepened to 

17.0 m and its width was extended to 240 m at the bottom to accommodate large crude carriers. Since 

2015, the approach channel is being dredged to increase its depth further to 18.7 m in order to handle 

the large sized ships. A sever cyclone hits at Paradip Port in October, 1999 cause some damage to the 

south breakwater and as a counter-measure its length was extended by another 100 m in the direction 

of the approach channel. Hight erosion noticed in1970's as a result of construction of the breakwaters 

to prevent this erosion a seawall of 5 km  length was erected at the down-drift side (northward). 

Currently, an offshore breakwater of 1600 m length is planned in near future as a counter-measure. The 

coastal currents in this region are unidirectional beyond the 5 m depth contour and they change 

seasonally. The tidal range in the area is 2.25 m during spring tides and 1.10 m during the neap 

condition. The highest high water level (HHWL) is 3.5 m while the lowest low water level (LLWL) is 

0.7 m and the mean sea level (MSL) is 1.65 m. The average wind speed is in the range of 35–42 km/h 

in summer and 18– 24 km/h in winter. This area receives an annual average rainfall of 1480 mm 

(www.paradipport.gov.in). The results of this study presented here describes the changes in shorelines 

through the analysis of historical maps using DSAS in ArcGIS. Temporal and spatial variability in 

coastal change are explored. The results in the form of future rates of change of shoreline may help the 

port authorities to undertake counter-measures to mitigate their effects such as appropriately budgeting 

the dredging expenses and adopting soft or hard erosion / advances of  shoreline prevention measures. 

3.0 Methodology and Analysis : 

3.1 Details of data:  

The investigation of changes in shoreline positions in the vicinity of the south breakwater of Paradip 

Port is carried out using DSAS techniques. In this study, the shoreline change for selected stretches 

behind south breakwater of Paradip Port are analysed, where satellite imageries over a period of 26 

years using archived Landsat data and Digital Shoreline Analysis Tool embedded in ArcGIS 

environment. The LandSat archive data for different years was downloaded from the website “ 

http://earthexplorer.usgs.gov/.”  The historical mapping is available as georeferenced GeoTiffs from 

Digi map. Shorelines were digitised from each map, and the standard DSAS shoreline change measures, 

Net Shoreline Movement (NSM) and End Point Rate (EPR) were calculated. The important factors 

considered for finalising the satellite images were cloud cover, similar tide conditions, similar season 

data, uniform projection factors, etc. The following table 1 shows the information about landsat used 

for capturing the  satellite images for this study, date of  capture of image and sensor used while 

capturing the images . which follows UTM WGS 84, Zone 45 coordinate system. 

Table 1  Satellite images used for study 

Sr.No Satellite Image Date of Capture Sensor 

1 LandSat 5 28/12/1992 TM 

2 LandSat 5 07/10/1997 TM 

3 LandSat 5 25/11/2003 TM 

4 LandSat 7 13/10/2008 ETM 

5 LandSat 8 22/12/2013 OLI_TIRS 

6 LandSat 8 01/10/2018 OLI_TIRS 

*TM : Thematic Mapper, *ETM : Enhance TM, *OLI : Operational Land Imager & TIRS : Thermal

InfraRed Sensor
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The image capturing technique and relation between wavelength, energy and bandwidth which 

responsible for quality and resolution of image is summarized in Fig.2 along with USGS image of 

project site. 

(Source : https://staff.aub.edu.lb/~webeco/rs%20lectures.htm – 17/10/2018) 

Fig 2 Image capturing technique with brief history of Landsat and Project image obtained by  USGS 

3.2 Digitization of shoreline 

The main stages in the shoreline analysis workflow, as undertaken using DSAS within ArcGIS, are 

detailed in Thieler et al., 2009. Quality of images plays vital role while digitsation. Shoreline positions 

are important features defined in DSAS analysis. Specific features of interest should be extracted 

through digitisation, and these may include the Mean Low Water (MLW) and Mean High Water 

(MHW) marks. These shoreline positions are explicitly indicated on satellite images. The shoreline 

features were identified using tonal differences between land and sea. A band ratio technique was 

applied to differentiate land and water pixels. Further vectorization technique was applied to get 

shoreline features in Arc-GIS environment. To further refine results visual interpretation was carried 

out for editing shoreline features to enhance accuracy. Finally shorelines were obtained for ears 1992, 

1997, 2003, 2008, 2013 and 2018. The workflow (algorithm) for digitization of shoreline changes 

described in  Fig 3.The algorithm for digitisation consists of data acquisition of data from Land sat 

which undergoes pre-processing and visual interpret the shoreline and baseline. Information about the 

tidal level plays vital role while digitisation of the images. 
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Fig 3 Flow diagram for digitisation of shore line and base line 

3.3 Study of shoreline change 

The Digital Shoreline Analysis System (DSAS) is a freely available software application that works 

within the Environmental Systems Research Institute (ESRI) Geographic Information System (ArcGIS) 

software. Shoreline change statistics (SCE, NSM and EPR) presented for the case study has been able 

to show the large-scale patterns of retreat and growth of the case study’s shorelines. The shoreline 

change statics (SCE) has its ability in  providing the envelope of variability and it is the only measure 

which take into account all shorelines in compare to  other statistical methods though they are also 

effective in indicating the pattern of spatial and temporal movements. The NSM and EPR only reflect 

change between the first and the most recent surveys. The choice of DSAS statistical parameters in the 

case study has been able to explore the temporal and spatial dynamics of the coastal change and the 

geomorphic variability along the beach because of their ability in making use of all shoreline positions 

(SCE), the cumulative shoreline movement (NSM) and the time variations (EPR) which encapsulate 

the rate-range of the historical dataset. The consideration of utilising six historical maps in the case 

study underlies the importance of the availability and accessibility of archival datasets in Historical 
Trend Analysis (HTA). The maps utilised here are the six complete historical dataset accessible at the 

USGS images data sets. Full and detailed opportunities for decadal and annual scale analyses are mostly 

infrequent in many analyses because the complete and up-to-date archival records have to exist for such 

analyses in being able to better understand process drivers, determine barriers to recession and 

conditions for erosion / deposition etc. (Bray and Hooke, 1997; Brooks et al., 2012). More archival data 

can, therefore, be sourced from other sources like area photographs and other imagery, to add further 

understanding of the contemporary morpho-dynamics of the case study (however it is not the focus of 

this current article). However, the sampled analysis executed using only the USGS images data sets has 

shown that DSAS can yield valuable information on shoreline dynamics at both historical and non-

historical timescale. The digitized shoreline for the years 1992 to 2018 in vector format are used as 

input to DSAS to calculate the rate of shoreline change. The tool calculates the shoreline rates of change 

based on measured differences between shoreline positions through time. The reported rates are 

expressed as meters of change along transects per year. The algorithm (workflow) of the DSAS tool is 

describe in Fig 4 
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Fig 4 Diagram illustrating the steps necessary to establish transect locations and compute change-rate 

statistics by using the DSAS application. (Source; DSAS Manual) 

3.4 Shoreline change statistics 

The shoreline change statistics were derived based on Net Shoreline Movement (NSM) technique. The 

net shoreline movement reports a distance, not a rate. The NSM is associated with the dates of only two 

consecutive shorelines. It reports the distance between the oldest and youngest shorelines for each 

transect. This represents the total distance between the oldest and youngest shorelines. The historical 

shoreline positions of the project site, along with the transects considered for the study are shown in Fig 

5. Based on the analysis, the average Net Shoreline Movement (NSM) is 15.76 m in the span of 26

years and the shoreline along the project stretch is observed to erosion especially at beginning of the

curve form South direction and at some patches in the North of shoreline. distance between the oldest

(1992) and the youngest (2018) shorelines, which presents the overall change in shoreline position for

the 26 year period. The End Point Rate (EPR) converts this net shoreline movement into an annual rate
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of shoreline change, i.e. dividing the distance of shoreline movement from the earliest to most recent 

shorelines by the time period passed. End Point Rate (EPR) is another important parameter, which 

indicates the rate of movement of shoreline and erosion/accretion, for the project site the average EPR 

by DSAS analysis is found to be 0.606 m/year.  

Fig 5 Transects and shoreline change calculation with EPR 

4.0 Conclusion 

The morphology of the coastal system can be evaluated by using historical images. The spatial dynamics 

of the coastal system behaviour can be evaluated significantly by the shoreline position and geometry. 

The ability of DSAS within ArcGIS has its ability of  calculation of scales and rates of change statistics 

from multiple historic shoreline positions. The potential and application of the DSAS extension has 

been explored in this article. The accuracy of the results obtained from using DSAS is being dependent 

on the accuracy of the input data. However, DSAS is only useful to address features that can be 

represented as lines at a particular point in time, with the accuracy of the results. DSAS is effective in 

historic measurement of movement of shoreline geometry as well as mapping and identification of 

coastline erosion and accretion on the coastal environment, though despite its inability to indicate the 

forcing driving the observed dynamics and changes in coastal environment. Changes at the annual, 

decadal and historical time scale on the coastal environment are easily and simply measurable in GIS 

through the DSAS extension within the ArcGIS environment. The case study presented here has shown 

that DSAS can yield valuable information on the morpho-dynamic behaviour of shorelines in terms of 
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shifting shoreline position and changes in foreshore geometry, in the identification of areas of erosion 

and deposition, and in the variation of planimetric properties of the coastal environment. The analysis 

of the data since 1992 to 2018 , calculate the , the average Net Shoreline Movement (NSM) of magnitude 

of 15.76 m in the span of 26 years and the average EPR by DSAS analysis is found to be 0.606 m/year. 
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Abstract 

Due to extensive deforestation happening in hilly areas of Guwahati, the city has been facing soil erosion 

problem. Soil erosion again ignites the problem of occurrence of flash floods in the city as the eroded soil 

often deposited in the drains and reduce the water carrying capacity. Hence, holistic studies and various 

erosion control measures are the need of the hour. The first step in both the cases is the estimation of soil-

loss happened due to soil erosion. Revised Universal Soil Loss Equation (RUSLE) is a famous method for 

estimating soil-loss caused by rill or inter-rill erosion. Rainfall erosivity factor (R) is one of the most 

important factors of RUSLE. Very high temporal resolution rainfall data for a long period is required to 

estimate the R factor as per RUSLE handbook. Moreover, the calculation method is also very tedious. There 

are lots of simple empirical methods available to calculate the R factor by using readily available rainfall 

data. However, the accuracy of those methods differs from place to place and may yield incorrect results 

of R factor and soil-loss. So, the present study is conducted to evaluate the R factor of Guwahati by using 

19 years half-hourly rainfall data as per RUSLE handbook. The calculated R factor of the city is 7623 

MJ.mm/ha.hr.yr. In many previous studies, an R factor value calculated in the year 2004 by 1 year hourly 

data has been using for calculating the soil loss in the city. This newly calculated R factor, with a longer 

period and higher temporal resolution rainfall data, will enhance the accuracy of soil-loss estimation and 

other related studies. 

Keywords: Soil erosion; RUSLE; Rainfall erosivity factor 

1. Introduction

Land degradation is one of the most serious issues of the present time. Land degradation, in 

general, may refer as the reduction in the productive capacity and productive potential of the land 

(Stocking 2001). As per the Desertification and Land Degradation Atlas of India published by 

Space Applications Centre, ISRO, Ahmedabad, 2016, based on IRS AWiFS data of 2011-13 and 

2003-05, about 29.3 percent of India is undergoing land degradation. Soil Erosion due to water is 

one of the significant process of land degradation. Loss or detachment of the topsoil is the primary 

result of soil erosion, and the soil loss again leads to various other environmental problems 

(McCool & Williams, 2008). The value of soil loss can be calculated by a widely used method 

called Revised Universal Soil Loss Equation (RUSLE). It is basically used for calculating soil 

loss due to rill and inter-rill erosion. In this method the annual average soil loss of an area is 

calculated by multiplying five factors, viz. rainfall erosivity factor (R), soil erodability factor (K), 

slope length and steepness factor (LS), cover management factor (C) and conservation practice 

(P) factor (Renard et al. 1997; Wischmeier & Smith 1978).

Many areas of Guwahati are facing the problem of soil loss due to water causing soil erosion, 

especially in hilly regions of Guwahati, lots of encroachment activities are observed. People are 

doing construction on the hills, due to which vegetation cover has been reduced tremendously, 

and as a result, the amount of exposed surface has been increased (Part I - Master Plan for 

Guwahati Metropolitan Area - 2025, 2009). The problem has a special mention in the report of 

Master Plan for Guwahati Metropolitan Area-2025. In the report, it is mentioned that hill slopes 
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without vegetation are 60 times more prone to soil erosion than the slopes with vegetation. The 

soil erosion not only affecting the soil fertility but also creating various other environmental issues 

such as waterlogging, silting of drains, flash flood, decrease in groundwater table etc. Soil 

conservation and silt trapping measures along with massive afforestation programmes are 

suggested in the report to deal with the problem of soil erosion. Now, to design such structure, 

expected soil loss needs to be calculated. The higher the accuracy in calculating the soil loss, the 

higher will be the efficiency of the structure.  

Among all the factors of RUSLE, Rainfall Erosivity Factor is one of the most important factor in 

soil loss calculation (Gonzalez-Hidalgo et al. 2012). The rainfall erosivity factor is also an input 

for various water quality modelling and sediment yield studies (Lee et al. 2008). The method of 

calculation of rainfall erosivity factor as per RUSLE handbook is very tedious and required very 

high temporal resolution rainfall data for a considerably long period (15 to 20 Years) (Renard et 

al. 1997). There are lots of empirical methods available to calculate the rainfall erosivity factor 

by using daily, monthly and annual rainfall data which are quite simple to use (Das & Sarma 

2017). But the accuracy of those method differs from place to place. So, such methods are useful 

for rough and approximate calculation of soil loss. But for getting accurate soil loss value, the 

procedure given in RUSLE handbook should be followed (Sadeghi et al. 2017). As per the 

literature, before this study, only one attempt was made to calculate the rainfall erosivity factor 

(R) of Guwahati city by using hourly data of 1 year in the year 2004 (Sarma et al. 2005). The

calculated R factor value was 9259 MJ.mm.ha-1.h-1. This value of R factor was used in various

studies related to hilly areas of Guwahati city such as estimation of soil loss by incorporating hill

cut factor (Patowary et al. 2019; Patowary & Sarma 2018), application of optimal ecological

management practices (Sarma et al. 2013; Sarma & Sarma 2016; Sarma et al. 2015), estimating

sustainable carrying capacity of flood-prone hilly urban areas (Sarma et al. 2016) etc. By

observing the necessity of R factor in various studies, it is essential to estimate the factor

accurately. And if the R factor can be calculated accurately by using higher temporal resolution

rainfall data and for higher duration, then it will enhance the accuracy of soil loss calculation in

the city. Hence, the prime objective of this study is to evaluate the rainfall erosivity factor of

Guwahati city by following the guidelines given in RUSLE handbook by using half-hourly

rainfall data of 13 years. Alongwith this, the contribution of each month to the long-term rainfall

erosivity factor and average number of erosive events in each month will also be evaluated. These

findings will help in identifying the months having more erosive rainfall in the area.

2. Materials and Methodology

2.1 Study Area 

Guwahati is an important city of India, situated in the North-Eastern region and often considered 

as the gateway to the North-East Region (NER) of the country and is the largest city within the 

region. Geographically the present Guwahati area lies in both the sides of the mighty 

Brahmaputra. The area extends from 26.08°N to 26.22° N latitude and from 91.57°E to 91.87° E 

longitude. The city has considerably undulating topography with various small hills and plain 

areas; it has a total area of 262 Km2 approximately (Master Plan, 2025). In general, mild sub-

tropical climate dominates the city with April to May months experience dry summer while the 

months from June to September face strong monsoon and the months October to March 

experience dry winter. The average yearly temperature of the city is around 23° Celsius. The 

months from June to September experiences the maximum temperature of the year and the months 

December to February are the coldest months. The average annual rainfall in the city around 160 

cm with an average number of 77 rainy days. Some of the primary land use type of the city are 
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hills, plain urban areas, river, small streams and other water bodies, forest, marshy areas etc. 

Alluvial soil, red soil, sandy soil, lateritic soil etc. are some of the soil found in the area 

(Purkayastha et al. 2011). The city is experiencing extensive soil loss due to unplanned 

development in the hilly areas. The lost soil is carried by the flowing water of rainfall and blocks 

the drains and culverts in the plain area and contributes to the urban flood problem of the 

city(Patowary & Sarma 2018). 

Figure 1 Study Area 

2.2 Materials 

The half-hourly rainfall data of Guwahati for almost 19 years (1996-2016) were manually 

extracted from pluviograph at the office of IMD Guwahati (26.1077° N, 91.5938° E). The data 

for 2011 and 2012 were not available due to some instrumental problem. 

2.3 Methodology 

Rainfall erosivity is defined as the aggressiveness of rain to cause erosion (Lal 2001). The rainfall 

erosivity factor of the Universal Soil Loss Equation (USLE) (Wischmeier & Smith 1978) was 

derived from research data from many sources. The data indicate that when factors other than 

rainfall are held constant, soil losses from cultivated fields are directly proportional to a rainstorm 

parameter, the total storm energy (E) times the maximum 30-min intensity (I30) i.e EI30. The 

average annual total of the storm EI30 values in a particular locality is the rainfall erosivity factor 

for that locality (Renard et al. 1997). 

Brown and Foster in the year 1987 (Brown & Foster 1987) used a unit energy relationship of the 

form given in eq. (1) to relate energy with rainfall intensity. 

𝑒𝑟 = 𝑒𝑚𝑎𝑥 × [1 − 𝑎 × exp(−𝑏. 𝑖)]  (1) 

where,𝑒𝑚𝑎𝑥= a maximum unit energy as intensity approaches infinity

𝑎 and 𝑏 = coefficient 

𝑒𝑟= energy in MJ.ha-1.mm-1 and

𝑖 = Rainfall intensity in mm.h-1 
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Brown and Foster (1987) in their analysis, recommended a value of 0.29, 0.72 and 0.05 for 

𝑒𝑚𝑎𝑥,𝑎 and 𝑏respectively.

Then rainfall erosivity factor (R) can be calculated as 

𝑅 =
∑ (𝐸𝐼30)𝑖
𝑗
𝑖=1

𝑁
 (2) 

where (𝐸𝐼30)𝑖=  𝐸𝐼30 for storm 𝑖 and 𝑗 = number of storms in an N year period.

Now, 𝐸 = (∑ 𝑒𝑟𝑣𝑟)
𝑘
𝑟=1 in MJ.ha-1 and 𝐼30= maximum 30 min intensity (mm/hr)

where 𝑣𝑟 is the rainfall volume (mm) during the 𝑟th  time period of a rainfall event divided in 𝑘
parts. 

As per the RUSLE handbook (Renard et al., 1997) rainfall event of less than 0.5 inch or 12.7 mm 

were omitted from the erosion index computations, unless at least 0.25 inch or 6.35 mm of rain 

fell in 15 min and a storm period with less than 0.05 inch or 1.27 mm over 6 hr was used to divide 

a longer storm period into two storms. Renard et al. (1997) mentioned in RUSLE handbook that 

all the future calculations should be made using equation given by Brown and Foster (1987), 

especially in countries other than USA. 

3. Result and Discussion

In this study we have gone through 19 years of half hourly rainfall data, where we found 561 nos. 

of erosive events. But among the 19 years data, some data were missing in 10 nos. of months, and 

which were distributed among 6 years (1998,2005,2009,2013,2015,2016). So, we could only 

consider 13 years data for our analysis and which reduces the total no. of erosive events to 425. 

Table-1 Annual Rainfall Erosivity (R) Factor 

Year Annual Rainfall 

Erosivity Factor 

in MJ.mm/ha.hr 

1996 5331 

1997 7128 

1999 8267 

2000 7351 

2001 8672 

2002 5997 

2003 10450 

2004 9038 

2006 7540 

2007 5721 

2008 6253 

2010 13338 

2014 4011 

Rainfall Erosivity 

Factor (R) 
7623 

The annual rainfall erosivity factors are shown in Table-1. The Long term average Rainfall 

Erosivity Factor of Guwahati City was calculated by averaging the annual rainfall erosivity values 

and found as 7623 MJ.mm/ha.hr.yr. The maximum value of annual rainfall erosivity factor is 

13338 MJ.mm/ha.hr.yr and occurred in the year 2010, and minimum value of annual rainfall 

erosivity factor is 4011 MJ.mm/ha.hr.yr, which was occurred in the year 2014. 
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An observation is also made on the contribution of each month on the long-term Rainfall erosivity 

factor. The results of the observation are shown in Figure 2. After observing the contribution 

percentage, some interesting facts are visible such as rainfall from March to October contributes 

98.24 percent, rainfall from April to September contributes 89.12 percent, and rainfall from May 

to August contributes 65.37 percent to the long-term R factor. The months June and July are the 

highest contributors with percentage of contribution as 18.94 and 18.79, respectively. The erosive 

rainfall events are more likely to occur in those months with higher contribution than the others. 

Figure 2 Contribution percentage of each month to R factor 

Table 2 shows the monthwise no. of erosive events of each year taken under consideration, total 

no. of erosive events of each year and average no. of erosive events for each month. From the 

Table 2 it can be observed that the maximum number of erosive events occurred in the year 1999 

and 2010 and minimum number of erosive events occurred in 2014. Though the maximum and 

minimum annual erosivity factor corresponds to maximum and minimum no. of erosive events, 

the same is not same for all the years as the annual rainfall erosivity factor depends on some other 

factors also. The value of rainfall erosivity factor basically depends on the number of erosive 

events in a year, the values of I30 i.e maximum 30 minute intensity of an erosive storm event, 

duration of erosive storm event and the rainfall depth of such storm events. Again, the month June 

has the highest average number of erosive events and January and December month has the lowest 

average number of erosive events.  

Table 2 Monthwise no. of Erosive Events 

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

1996 0 1 1 1 8 7 4 5 2 3 0 0 32 

1997 0 0 0 1 4 4 6 2 5 0 0 1 23 

1999 0 0 0 1 10 4 6 9 6 3 1 0 40 

2000 0 0 1 2 10 6 4 6 5 1 0 0 35 

2001 0 0 0 3 5 6 7 5 5 6 1 0 38 

2002 0 0 1 4 4 8 7 6 2 0 1 0 33 

2003 0 0 4 5 4 8 5 4 2 2 0 0 34 

2004 0 0 1 10 2 4 7 1 2 8 0 0 35 

2006 0 0 0 5 7 3 6 4 2 1 0 0 28 

2007 0 4 2 5 2 7 5 4 5 2 1 0 37 

2008 1 0 5 2 1 10 3 3 3 1 0 0 29 

2010 0 0 0 5 13 7 8 2 2 3 0 0 40 

2014 0 1 0 0 2 8 1 4 5 0 0 0 21 

Average 0.077 0.462 1.154 3.385 5.538 6.308 5.308 4.231 3.538 2.308 0.308 0.077 
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Carvalho (2008) suggested an erosivity classification based on Rainfall erosivity factor. In which 

they classified the R factor values in five classes namely low, medium, medium-strong, strong 

and very strong based on the ranges shown in Table 3. As per the classification, the R factor of 

Guwahati city calculated in this study falls under Strong erosivity class. However, the annual R 

factor shows a diverse range of erosivity class, such as the annual R factor of 2014 falls in Medium 

class whereas the annual R factor of 2010 falls in Very strong class. 

Table 3 Erosivity classification based on R Factor (Carvalho,2008) 

Rainfall Erosivity Factor (R) Erosivity Class 
R <=2452 Low 

2452<R <=4905 Medium 

4905 < R <=7357 Medium-Strong 

7357<R <=9810 Strong 

R > 9810 Very Strong 

4. Conclusion

In this study an effort was made to evaluate the long term average rainfall erosivity factor by 

using a series of high temporal resolution half hourly rainfall data as per the guidelines of RUSLE 

handbook (Renard,1992). 425 nos. of erosive storm events were found in the series to evaluate 

the rainfall erosivity factor. The months June and July are the highest contributors to the long 

term Rainfall erosivity factor. The maximum number of erosive events occurred in the year 1999 

and 2010 and minimum number of erosive events occurred in 2014. The month June has the 

highest average number of erosive events and January and December month has the lowest 

average number of erosive events. These findings help in identifying the months having more 

erosive rainfall. The accurate value of rainfall erosivity factor and the other related findings are 

very essential for sustainable design of various water and soil conservation and management 

structure.  
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Abstract 

Water is the prime natural resource and the main element in the socio-economic development of a society. There 
is a huge demand for studying the runoff yield and flow dynamics of surface and sub-surface. Runoff estimation 
is a challenging part for hydrologists due to the involvement of various hydro-meteorological and geographical 
factors. Rainfall is the key component of the hydrologic cycle and the principal source of runoff. The purpose of 
this study was to simulate the rainfall-runoff process using the HEC-HMS model. The study was carried out in 
Eastern India's Brahmani River Basin at Gomlai catchment. Catchment delineation was processed for the 
extraction of the basin parameters using Arc-GIS software. HEC-Geo HMS was used which is a geospatial 
hydrologic extension tool in Arc-GIS for transferring basin real-time geo-hydro-meteorological characteristics to 
the HEC-HMS. Herein, the SCS-CN method for loss, SCS unit hydrograph technique for transform, Muskingum 
method for routing, and recession curve method for baseflow estimation was used. The calibration was carried 
out using a time-series of flow for the year 1982. The performance evaluation measures such as NSE, PEV, and 
r2 were found to be 65%, 6.04%, and 0.67 respectively during calibration of Muskingum parameters. Similarly, 
validation of Muskingum parameters was carried out using different annual and continuous time-series of flow 
data. During validation of annual time-series data the NSE, PEV, and r2 values were found to be 70.88%, 7.25%, 
0.7123 respectively. Similarly, during validation of continuous time-series data for the year 1990-1995, the NSE, 
PEV, and r2   values were found to be 67.11%, 9.34%, 0.6738, respectively. Hence, in this study, it is concluded 
that the HEC-HMS can be efficiently applied to estimate runoff yield using real-time geo-hydro-meteorological 
data. 

Keywords: Rainfall-Runoff, HEC-HMS, HEC-GEOHMS, Brahmani River 

1. Introduction

Rainfall and Runoff are fundamental constituents for recharge of subsurface and surface water in a 
Catchment. US Army Corps of engineers originated an open-source software that may be widely used 
for Hydrological Modelling. HEC -HMS (Hydrologic Engineering Centre- Hydrologic Modelling 
System) is one of the good applications for the computation of the rainfall-runoff estimation model. The 
software encloses various methods such as losses, routing, transform methods for discussion of 
meteorological data, and parameter estimations. HEC-HMS provides a separate analysis of runoff 
procedures such as runoff volume, direct runoff, and baseflow. The model is designed to compute 
simulation for a dendritic catchment. The software contains components such as paired data manager, 
time series, basin data manager, grid region, control specification, meteorological data manager. Each 
component contains its specific application parameter. The results of a simulation can be viewed by the 
Global summary table. These tables give detailed information about the event. The GIS connection 
toolbar associates with the basin data through Arc-GIS. 

Several studies have been addressed related to the model in a different study area. Yo sop et al. 
(2007) estimated the runoff properties in oil palm catchment, Malaysia. A Monthly based simulation 
was followed for the study.  A brief discussion of the hourly based simulation was observed in the 
Yuvacik basin, Turkey. (Yerner et al. (2007). The modeling study was divided into three sub-basin 
Kinazdene, Kanzandere, Serindere. The scope of the work was to study the reservoir operations which 
would be beneficial to provide domestic and industrial water to the nearest cities. The result value was 
utilized for future flood control and damage analysis. Verma et al. (2009) developed the application of 
HEC-HMS and WEEP (watershed erosion prediction project) working with GIS software. The study 
area was about the Baitarani River, India. 
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The evaluation of flood investigation was observed by Razi et al. (2010). Curve number, initial 
discharge, percentage of imperviousness were used as a parameter for the simulation. Han (2010) 
studied streamflow analysis using Arc-GIS and HEC-Geo HMS. SCS transformation and Clark 
transform method used for runoff, SCS for loss calculation, and the Muskingum for routing were chosen 
for the rainfall-runoff model. Hamidon et al. (2011) study the integrated river basin application using 
HEC-HMS and SWAT 2005. The study was carried out in the Kurau river sub-basin, Perak. The 
efficiency of the model was based on the correlation coefficient between the simulated and observed 
values. The utilization of the software was suitable for predicting hydrologic changes and sediment in 
the selected river. 

Dastorani et al. (2011) examined the simulation of runoff results in the Toroq dam watershed, 
Iran. A flood forecast was observed by the model. The Loss estimation used different loss methods for 
the surface runoff was discussed by Sarodii et al. (2012). Majidi and Shahedi (2012) examined the 
rainfall and runoff relation in Abnama catchment, Iran. This analysis was used for the calculation of 
infiltration, flow routing, excess precipitations, and volume of the basin. A rainfall-runoff simulation 
study was developed in the Karun River, Iran (Tahmasbinejad et al. (2012)). The case study was based 
upon the flood modeling that combines GIS, HEC-HMS, and HEC-RAS.HEC-HMS provided a 
predictable consequence for Walnut gulch watershed, Arizona USA. The simulated result was linked 
with the observed hydrographs, it was remarked that the volume of runoff and time to peak runoff had 
more variation. The peak runoff had been stimulated with less variation. This software was used for 
event-based simulation appears to be satisfactory (Reshma et al. (2013). 

Gyawali and Watkins (2013) presented the study on Continuous hydrological modeling of snow 
affected watershed using HEC-HMS. The study area was a great lake watershed –Kalamazoo, Maume, 
and St. Louis. The model was compared between large basin runoff models (LRBM). National Oceanic 
and atmospheric model developed the LRBM model. Soil moisture and deficit constant loss method 
were used as in HEC -HMS. Winter and spring season peak runoff calculations were difficult for both 
the Model. Sampath et al. (2015) carried out a study related to continuous simulation runoff in the 
Deduru Oya basin with inter-basin diversions. SMA method was used for the loss calculation of the 
basin. The NSE value was suitable for the model. Khattati et al. (2016) presented the studies on 
hydrological modeling of the Aguibat Ezzair watershed (Morocco). The research was to relate analyze 
dynamic watershed functioning with the river flow outlet on the watershed. 

Hydrological modeling simulation was evaluated in Ruiru catchment (Ismael et al. (2017)). 
Runoff calculation HEC-HMS 4.1 was used. WMS 10.1 (watershed modeling surface) was used for 
input basin parameters. The calibration and validation values were 0.74 and 0.72. The software can be 
used for the prediction of missing data. The result was found that simulation of the observed watershed 
was satisfactory. Zhao et al. (2018) stated the purpose of the HEC-HMS model for flood simulation in 
a mountainous region, China. The Zhudong river watershed was used for flood forecasting. Zhang et 
al. (2019) explained the influence of the HEC-HMS model in the Tong Tian River. It was noticed that 
observed peak time and simulated time was comparatively less, the errors between the simulation results 
were closer to measured flood in HEC-HMS. It could measure and examine of flood process in the other 
river basin of China. Gao et al. (2019) presented the development of the hydrological model parameters 
can influence the changes in floods. The results obtained that the increase of impervious percentage in 
the basin will increase the peak flow in the basin. The water depth could be reducing the flood volume 
in the river basin. It was also observed that the reduction of drainage modulus could give a loss of peak 
flow and flood volume. The software gave a remarkable output using the above parameters for flood 
control evaluation. 

2. Study Area and Data Collection

Brahmani is the second largest river in Odisha. This is an interstate river. It originates from the Ranchi 
district of Jharkhand and drains through Bihar, Chhattisgarh, and Odisha. The two main branch rivers 
are Sankh and Koel. Both of these rivers join at Vedavysa near Rourkela, Sundargada district of Odisha. 
It forms a major river known as Brahmani. This river flows to many coastal regions such as Keonjhar, 
Cuttack, Jajapur. The length of the river is 799km long. The study area of the work is up to Gomlai 
Station. The index map of the Brahmani basin was introduced in figure 1.  
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Figure 1 Index map of the Brahmani River Basin 

The primary data used for the hydrological model includes are listed below. The input data are 
evaporation data, precipitation data, and discharge data used per day. The Rainfall data was collected 
from the Indian meteorological department, Bhubaneswar. 1980-1995 daily discharge data at Bolani 
and Gomlai gauging stations were collected from the central water commission.1981-1995 discharge 
data used for the analysis procedure. 

Table 1: Sources of data 
Data type Sources Source Link 

Rainfall Indian meteorological 
department 

http://www.imd.gov.in 

Stage-Discharge Central Water 
Commission 

http://www.cwc.nic.in. 

Digital elevation model (DEM) Shuttle Radar 
Topography Mission 

http://srtm.csi.cgiar.org. 

Soil map Food and agriculture 
organization 

http://www.fao.org/soil-portal 

CN data HEC-HMS Manual TR 55 (HEC-HMS reference manual) 

3. Methodology

3.1. Delineation of study Area 

This section gives a foreknowledge of the basic operation of the software. Two software is used 
for modeling procedures and creating basin data. The open-source software is Arc-GIS and HEC-HMS 
used for the analysis of the model. Physical basin analysis is done by Arc-GIS. It gives basin model 
data which is exported in the HEC-HMS. In Arc GIS, HEC-Geo HMS is a geospatial hydrologic 
extension tool. This toolkit is used for the input data in HEC-HMS. The extraction of the physical 
characteristics from the DEM and geodata is practiced in the hydrologic extension tool. It executes the 
delineation procedure of the watershed. After proper fabrication of the delineation procedure was done, 
the data setup was used for HEC-Geo HMS. The basin data was exported to the HEC-HMS. The 
extension tool includes basin centroids, centroid flow path, basin lag was used to export the model. The 
simulation process in the software depends on the basin model, meteorological model, and control 
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specification, and time-series data. SCS CN for loss, SCS Unit hydrograph for transform, Muskingum 
Routing for routing, Recession Base flow method was used in HEC-HMS Model for calculation of 
Rainfall-Runoff analysis. Figure 2 portrays the basin creating using the HEC Geo HMS tool. Figure 3 
gives an HEC-HMS formed Brahmani basin.  

Figure 2 Basin creation using HEC Geo HMS tool 

Figure 3 HEC-HMS generated Brahmani basin 

SCS Curve number is used by many hydrological models to obtain the curve number for watersheds. In 
this study soil and land use data were used to create the curve number grid using Arc GIS 10.3. Creating 
an SCS Curve number of Brahmani watershed using Arc-GIS. In HEC-HMS for hydrological modeling, 
SCS is one of the easiest and reliable methods to perform modeling of the watershed. 

3.2 Estimation of CN number 

The downloaded DEM was first added to the arc map. The DEM was adopted for Delineation for 
evaluation of the watershed characteristics. In this process, the ARC hydro tool and HEC-Geo HMS 
were used. All these processes were done by Arc hydro tool. The land use data and soil data were 
combined to form a curve number grid. The land use data contains forests, cultivated crops waterbodies, 
barren lands, etc. Reclass combines the watershed into polygon format. The reclassified land use grid 
was converted into a polygon feature which will be merged with soil data. Soil data was downloaded 
from the FAO data portal site. In this site, global soil data was present in the whole world. The soil and 
land cover data were merged using a union tool. Soil clip and land use poly were put as input features, 
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the combined data were merged and form a land use soil class. Attributes from both features class that 
are used as input were inherited by the result of union/merge.  

In some cases, the boundaries of the input features class do not match exactly. This is due to 
the resulting merged features class will have different features having attributes from only one feature 
class. Since other features do not exist in this area. This feature is called silvers. These features have 
FID value -1. These negative values can be deleted with this process. For CN grid was generated by 
using the Arc hydro tool. HEC-Geo HMS was merged features class (land use soil) and lookup table 
(CN lookup table) to create the curve number grid. GEO-HMS combines all three parameters like DEM, 
soil land use polygon, and CN lookup table to generate the CN grid. The output of the CN grid was 
added to the Arc map. The attribute table of land use soil has a self-generated CN field which would 
provide a curve number calculated from 30-100. The runoff volume of a basin can be computed from 
the loss method. The software provides different loss method according to soil type and conditions. 
Many researchers adopted the SCS method for the calculation of direct runoff. It gives a better result 
than other loss methods. 

Pe = (P−𝐼𝐼𝑎𝑎)2

(P−𝐼𝐼𝑎𝑎+S)
(1a) 

𝑆𝑆 = 25400
𝐶𝐶𝐶𝐶

− 254 (1b) 

Where Pe = Precipitation excess at time t (mm); P = Rainfall depth time; Ia = Initial abstraction 
The transformed model in HEC-HMS simulates the process of the direct-runoff of excess precipitation 
on the watershed and transforms the precipitation excess into the runoff.  

Tc =
100×𝐿𝐿0.8×�1000𝐶𝐶𝐶𝐶 −9�

0.7

1900×𝑆𝑆0.5 (2a) 

Time lag =0.6×Tc (2b) 

Where L=length of reach in feet; S=slope in feet. 

3.3. Application of Muskingum Equation  

The Muskingum method was first developed by Mc-Kathy. This routing method is used to 
calculate the outflow hydrograph which is presented at the downstream portion to the inflow hydrograph 
in the upstream.  

S = K (XI+ (I-X) Q) (3) 

Where X = dimensionless weighting factor; S= storage of the basin; I =inflow; Q= outflow; 
K=Storage time or travel time of the flood wave. 

When x=0, the storage of a basin is KQ. This condition is known as the linear storage of the 
channel. The value of x ranges from 0 to 0.5. The simulation time interval time is managed by the 
control specification data manager. The starting and ending simulation time is inputted into the model. 
The time-series data manager provides all the gage data of the subbasin. Temperature gauge, 
precipitation, humidity, discharge gage is used in the data manager. A total of five gage data are used 
for the subbasins for the study approach. 

3. Results and discussion

3.1. Estimation of HEC-HMS Basin Parameters 
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For the analysis of simulated results observed and simulated values are used to calculate with 
the hydrologic data. A flow hydrograph is used to adjust to the software parameters. After calculating 
the results for the Brahmani basin up to the Gomlai outlet, different statistical methods are used for the 
analysis approach. The whole program calculation of rainfall-runoff is the combination of precipitation 
and physiographical characteristics. For this process total 1981-1995 data used for the study calculation. 

Table 2 HEC-HMS basin parameters 
HEC-HMS Basin Area (Km2) Length (Ft.) Slope Curve No 

W650 5757.79 615570.53 582.06 62.69 
W760 7366.38 647483.75 591.75 75.316 
W830 1179.29 310090.11 372.75 63.65 
W850 3581.80 519653.58 399.83 69.11 
W980 3471.23 521249.24 319.83 69.05 

Table 3 Parameter used in basin 
Basin W980 W650 W850 W830 W760 

SCS CN 69.05 62.69 69.11 63.65 75.31 
Initial abstraction (mm) 19.7 13.6 20.4 15.3 11.2 
Lag time (Minutes) 176.00 216.69 193.87 153.70 160.00 
Initial flow (m3/sec) 6 6 6 6 6 
Recession to peak (ratio) 0.76 0.76 0.76 0.76 0.76 
Recession constant 0.281 0.281 0.281 0.281 0.281 

The basin was divided into five sub-basins, those basins are W650, W850, W830, W980, and 
W760. W980 was taken for the outlet of the basin. In the sub-basin, the adjusted parameters can be 
evaluated according to the optimized method. Each computation point includes a customizable editor 
are represented with slider bars. The base flow parameter was adjusted during the model setup. The 
baseflow parameter was different for a different year. During the optimization of the parameter value, 
the SCS scale factor, and the initial abstraction scale factor influence the simulated value. It was also 
noticed that the initial discharge also affects the coefficient of storage. Muskingum parameter was also 
another parameter for calibration. K value is the travel time during the reach. A total of nine reaches are 
present in the basin. For the calibration process, the Muskingum values changes during each continuous 
event. SCS curve number value was extracted from HEC-Geo HMS. Muskingum value also shows the 
high variability during each simulation run. Each simulation run shows the different time-series data. 
Rainfall-runoff shows huge uncertainties.  

3.2. Calibration and Validation of Muskingum Parameters 

The calibration procedure was done for one-year data (1982). Changing the Muskingum 
parameters and curve number scale factor was used during the entire process. Using a different value 
for Muskingum k=9, x=0.1 fixed for validation procedure. The NSE value for 1981-1982 varied from 
56 to 68 % and the correlation coefficient was 0.76 to 0.82. The value for NSE and the coefficient of 
determination were 65% and 0.67 for 1981-1982 during calibration events. These values seem to be 
good according to the model efficiency criterion.  During the validation annual time series data were 
used for three single-year data and continuous time-series data for five years were considered. For the 
year 1985 the NSE, PEV, and r2 values were 70.88%, 7.25%, 0.7123, etc. In the year 1986, the values 
of NSE, PEV, and r2 were 69.30%, 10.08%, and 0.69. In the year 1995, the NSE value was 69.07%, 
and the coefficient of determination was 0.6927. For five-year data (1991-1995) the NSE value was 
67.11% and the coefficient of determination was 0. 6738. The runoff volume for 1981- 1982 was 
different. The runoff values of simulated values are slightly lower than the observed values. For k=9, 
x=0.1, the simulated volume was 341.1 mm and the observed volume was 343.29 mm. The percentage 
difference (PEV) of observed and simulated values is 0.64.Table-4 signifies the calibration parameters 
of the Gomlai basin.Figure-4 presents the observed and simulated flow data for the year 1982 during 
calibration. 
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Validation of the parameters was displayed in Table-5. Figure 5 outlines the reproduction of 
observed and simulated hydrographs between discharge and time for the year 1991-1995. Figure 6,7,8 
represents annual time series data of simulated and observed values for 1985,1986 and 1995. For 
validation runoff volume was 442.60 mm and 476.69 mm for simulated and observed volume for 1985 
respectively. For 1986 the runoff volume was 376.61mm and 418.84 mm for simulated and observed 
flow data. In the year 1991-1995, the runoff volume was 2522.94 mm and 2782.90mm for simulated 
and observed flow. In 1995 simulated and observed values were 394.96, 477.55 mm. For the validation 
approach, this model seems to be good. The overall validation value varies from 67.11 to 70.88 
percentage for NSE and the coefficient of determination was varying from 0.6738 to 0.7123. The overall 
calibration value varies from 56 to 68% for NSE and the r2 was varying from 0.60 to 0.70. HEC-HMS 
model gives a good result for the Brahmani basin up to Gomlai station. 

Table 4: Calibration of Muskingum Parameters 
Muskingum Parameters NSE (%)  r2 PEV (%) 

K=1, x=0.1 56 0.56 9.26 
K=2, x =0.1 58 0.58 15.88 
K=3, x=0.1 60 0.60 7.19 
K=4, x=0.1 61 0.62 0.08 
K=5, x=0.1 63 0.63 3.92 
K=6, x=0.1 65 0.65 11.37 
K=7, x=0.1 66 0.66 8.38 
K=9, x=0.1 67 0.67 0.99 
K=10, x=0.1 68 0.67 0.64 
K=11, x=0.1 68 0.68 6.27 
K=12, x=0.1 66 0.68 5.11 
K=13, x=0.1 68 0.68 3.49 

Figure 4: Reproduction of annual observed and simulated flow data for the year 1982 during 
calibration. 

Table 5: Validation of Muskingum Parameters 
Time-series type Year PEV (%) NSE (%) r2 

Annual 1985 7.25 70.88 0.71 
1986 10.08 69.75 0.69 
1995 17.29 69.07 0.69 

Continuous 1991-1995 9.34 67.11 0.67 
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Figure 5: Reproduction of observed and simulated flow data in continuous time series from the year 
1991-1995 during validation. 

Figure 6: Reproduction of annual observed and simulated flow data for the year 1985 during 
validation. 

Figure 7: Reproduction of annual observed and simulated flow data for the year 1986 during 
validation. 
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Figure 8: Reproduction of annual observed and simulated flow data for the year 1995 during 
validation. 

5. Conclusions

This rainfall-runoff analysis is carried out in the Brahmani River basin at d/s of the Gomlai catchment. 
The basin is divided into five subbasins. The outlet of the basin lies at the downstream portion. The 
calibration was carried out using a time-series of flow for the year 1982. The performance evaluation 
measures such as NSE, PEV, and r2 were found to be 65%, 6.04%, and 0.67 respectively during 
calibration of Muskingum parameters. During validation of annual time-series data for three years the 
NSE, PEV, and r2 values were found to be 70%, 11.54%, 0.699 respectively. Similarly, during validation 
of continuous time-series data for the year 1990-1995, the NSE, PEV, and r2 values were found to be 
67.11%, 9.34%, and 0.6738, respectively. Hence, in this study, it is concluded that the HEC-HMS can 
be efficiently applied to estimate runoff yield using real-time geo-hydro-meteorological data. According 
to various literature reviews, the model can be applied for different events. The continuous event, 
monthly, hourly whatever the time events have taken the software can deliver a good or satisfactory 
result. For simulation evaluation, 1981-1982 data were used for calibration and the results were good. 
During the validation, the result was also good. The overall performance of the model was good for the 
rainfall-runoff model. Muskingum parameter shows a high variation of simulated and observed data. 
The value of k varies for each run event.  
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Abstract 

Hydropower plants provide clean and renewable energy to cater the power demand of the nations at very 

affordable unit cost. High head hydropower projects need construction of long and large water conveyance 

system in form of tunnels and penstocks. The safety of such components needs to be assured under critical 

operating conditions of the power plants. The high pressure surge in the headrace tunnels due to transient flow 

occurred due to sudden load rejection may cause the severe damage to tunnels and that can be prevented by 

providing surge tank at the end of tunnel. Due to unsteady flow conditions, the prediction of water level 

oscillations in the surge tank need solution of differential equations governing flow conditions. In this study the 

Runge-Kutta fourth order method is applied to develop the model for simulation of orifice type surge tank. The 

model is applied to the surge tank that resembles the proposed surge tank of Tehri Pump Storage Project. The 

model is applied to investigate the effect of the maximum upsurge and down-surge in surge tank under various 

turbine discharges. It is observed that the orifice type surge tank produces lesser upsurge as compared to simple 

surge tank under full load rejection. The stage wise closure can minimize the maximum upsurge level. It is 

concluded that in absence of precise analytical solution, the numerical model provide very useful information to 

finalize the height of the orifice type surge tank.  

Keywords:Surge tank, Unsteady flow, Hydropower 

1. Introduction

Hydropower station uses hydraulic turbines to convert energy possessed by in flowing water into 

electricity. Such a source is one way of electrical generation from renewable potential sources. 

Usually, a hydropower plant is made up of the reservoir, water tunnel, surge tank, penstock, and 

turbine. Various turbine operations such as load acceptance, load rejection, and combination 

conditions produce transients in hydropower station, which are directly related to the safety of whole 

hydropower station and local power transmission grid, even resulting in substantial damage and 

human loss in some cases. 

A surge tank is an open shaft, or a tank connected to the tunnel /penstock of a hydroelectric power 

plant and constructed for safety of piping system of hydropower plant during transient condition of 

flow, refer Figure 1 and Figure 2. The main function of a surge tank is to reduce the amplitude of 

pressure fluctuations. 

Figure 1: Simple surge tank 
In simple type of surge tank the diameter at entrance is kept equal to the diameter of surge tank. 

When the entrance to the surge tank is restricted by means of an orifice, it is called an orifice surge 
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tank. Several studies and researches have been conducted to understand the behavior of hydraulic 

transients in hydropower plants (Ghidaoui, Axworthy, 2005). This issue attracts many researchers and 

engineers, due to its complexity and importance in practice. The effect of different parameters such as 

friction loss coefficient and surge tank cross-sectional area on the water surface oscillations of the 

tank and the total discharge were analyzed and investigated by different researchers (Ramadan and 

Mustafa, 2013). The System of non-linear ordinary differential equations of flow in hydropower 

system were numerically solved and manipulated in different way by different researchers. 

Franc(1996) had suggested the use of Finite element solution for mass oscillations in a surge tank on 

sudden valve opening. In the present study, the main objective is to develop simulation model for 

simple and orifice type surge tank and to investigate the upsurge and down surge due to various 

operating conditions. 

2. Mathematical Modeling

In this study, the mathematical model for hydraulic flow is formulated by using the basic governing 

equations of flow. These governing differential equations are derived by applying the principles of 

continuity and the momentum to a small differential element of the liquid flowing between reservoir 

and surge tank with a specific control volume (Chaudhry, 1987). 

2.1  Orifice Surge Tank 

In the orifice type surge tank, there is an orifice which obstructs the flow of water into and out of the 

surge tank, the orifice is located between the main tunnel and the surge tank, as shown in Figure (2). 

The size of orifice and location of orifice should be decided very carefully. Generally the orifice 

should be aligned in such a way that the axis of orifice and axis of surge tank coincide.   

Figure 2: Analysis of an orifice surge tank. 

The continuity equation is a mass balance equation, based on principle of conservation of mass. 

In flow mass must be equal to out flow mass. 

hence        Q =  Qs  +  Qtur         (1) 

Where: Qs, Q and Qtur = water discharge rate in the surge tank, tunnel and turbine in (m3/s);  

At and As =  Cross-section area of the tunnel and surge tank (m
2
) ; 

Z  =Water level in the surge tank with respect to static water level under no flow condition; 

L = Length of the head race  tunnel (m); t = time (s); Ho= Static head in reservoir above centre of 

tunnel(m) ; hi, hv, hf, = Loss of pressure head at the entrance, resulting from the velocity at entrance, 

due to friction and static pressure head (m), respectively; 
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2.2 Governing equations 

Chaudhry (1987) described the final form of equation of motion and equation of continuity as follow. 

(2) 

(3) 

Where Co = orifice coefficient, 

2.3 Solution using Runge-Kutta 4th Order Method 
Equation (2) and (3) are first order ordinary differential equations that can be expressed in generalized 

form as,  

(4) 

The ordinary differential equations can be solved by using the RungeKutta 4th order method. 

Here if h is the step size  then   x1 = x0 + h. 

k1 = f(xo, yo); k2 = f(xo +0.5 h , yo +0.5 k1 ); k3 = f(xo +0.5 h , yo +0.5 k2 ) ; k4 = f(xo + h, yo + k3) 

y1 = yo + 1/6 (k1 +2 k2 + 2k3 + k4 ) 

Using the above method, the equations (2) and (3) are simultaneously solved for each time steps while 

applying downstream boundary condition of flow changes (Qtur) and the values of Z and Q are 

obtained during simulation period. 

3. Transient Analysis of Hydro Power Plant

The simulation study for the fluctuation of water level in surge tank is carried out with the data 

resembling the proposed pumped storage plant of Tehri Hydroelectric Project. In this study, the 

transient analysis for both the simple and orifice type surge tank has been carried out for load 

rejection and load acceptance condition as per Table 1. The common system and operational data of a 

conveyance system of hydroelectric plant (Figure 2) are adopted as per Table 2. 

Table  1 Simulation study under different operation condition. 

Sr. no. Operating condition Scenario for upsurge/ downsurge 

1 Partial load 

rejection 

For tunnel subjected to full initial discharge (100% of design discharge) and 

partial final discharge less than design discharge. Study under partial rejection of 

load against the full initial discharge in tunnel. 

2 Partial load 

acceptance 

For tunnel subjected to a particular value of initial discharge and different final 

discharge less than initial discharge. Study under different value of partial 

acceptance of load against a particular initial discharge. 
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Table 2 Input parameters for surge tank simulation 

Sr. 

no. 
Symbol Value Particular 

Sr. 

no. 
Symbol Value Particular 

1 Lt 4000 
Length of tunnel in 

m 
11 Tmax 3600 Time of simulation in sec 

2 Dt 8.5 
Diameter of tunnel 

in m  
12 DelT 5 Delta t in sec 

3 Vmax 6 
Max Velocity in 

tunnel in m/s 
13 At 56.745 Area of Tunnel in sq.m 

4 f 0.028 
Darcy’s friction 

factor of tunnel 
14 Qmax 340.470 

Max discharge in tunnel 

in cu.m/s 

5 Ds 20.92 
Diameter of Surge 

Shaft in m 
15 hfmax 24.177 

Max head loss in tunnel in 

m 

6 Do 7 

Diameter of 

Orifice of Surge 

Shaft in m 

16 As 343.726 Area of Surge tank in sq.m 

7 Pi variable 

Initial Discharge as 

Percent of total 

discharge 

17 Ao 38.484 
Area of  Orifice of Surge 

tank in sq.m 

8 Pf variable 

Final   Discharge 

as Percent of total 

discharge 

18 Qi variable 
Initial discharge in tunnel 

& turbine (Pi*Qmax) 

9 Zi 24.177 
Initial friction loss 

in m 
19 Qtur Variable 

Final discharge in tunnels 

& turbine (Pf*Qmax) 

10 Zf 6.044 
Final friction loss 

in m 
20 Cd 0.70 

Discharge coefficient of 

orifice 

5. Results and Discussion

For load rejection scenario, first initial 100% discharge is considered and simulations are carried out 

for various final discharges less than 100%. The maximum upsurge and time to stabilized are 

observed as shown in Table 3. 

Table 3: Effect of partial load rejection, on maximum upsurge 

Simple surge tank Orifice type surge tank 

Pf= Final dis in % of 

Total Q 

Max surge 

Z in m 

Time to 

Stable in sec 

Pf= Final dis in % of 

Total Q 

Max surge 

Z in m 

Time to 

Stable in sec 

0 34.230 >5000 0 30.241 >5000

20 23.181 3995 20 20.657 3840 

30 17.524 2750 30 15.616 2600 

40 11.832 1985 40 10.444 1980 

50 6.051 1530 50 5.090 1525 

60 0.183 1225 60 -0.415 1225 

70 -5.755 1070 70 -6.092 1070 

80 -11.798 915 80 -11.943 915 

90 -17.931 755 90 -17.968 755 

100 (No change) -24.177 0 100 (No change) -24.177 0 

The reduction of discharge creates mass oscillations in the surge tank and the amplitude decreases 

with time (Figure 4). It is observed that, if the load rejection causing reduction in discharge as 60% or 
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less, the water level rises above reservoir level. For complete closure (0% final discharge) the surge 

level rises to maximum elevation. The orifice type surge tank shows lesser height of upsurge as 

compared to that observed in simple surge tank (Figure 5). Thus, the simulation helps in the selection 

of orifice type surge tank over simple surge tank and verifying adequacy of height of surge tank and. 

It is further observed that the large reductions in final discharge lead to long time to stabilize the 

fluctuations in the surge tank.  

Figure4 Mass oscillation for Partial load 

rejection Pi=100% of Q, Pf=40%of Q 

Figure5 Maximum upsurge for simple and orifice 

type surge tank for Partial load rejection from full 

load 

Table 4: Study under different value of partial rejection of load under particular initial 

discharge. 

Simple surge tank Orifice type surge tank 

Pi= Initial 

dis in % of 

Total Q 

Pf= Final 

dis in % of 

Total Q 

Max surge 

Z in m 

Time to 

Stable in 

sec 

Pi= Initial 

dis in % of 

Total Q 

Pf= Final dis 

in % of Total 

Q 

Max 

surge 

Z in m 

Time to 

Stable in 

sec 

40 15 9.359 4755 40 15 9.054 4600 

20 6.738 3505 20 6.543 3355 

25 4.106 2725 25 3.996 2580 

30 1.464 2110 30 1.415 2110 

35 -1.190 1640 35 -1.206 1640 

38 -2.796 1180 38 -2.799 1180 

50 10 15.425 7405 50 10 14.660 6940 

15 12.797 4915 15 12.211 4760 

20 10.153 3670 20 9.372 3515 

25 7.492 2890 25 7.194 2885 

30 4.812 2275 30 4.625 2270 

40 -0.584 1645 40 -0.632 1500 

60 10 18.624 7410 60 10 17.474 7100 

20 13.278 3825 20 12.545 3670 

30 7.869 2430 30 7.458 2430 

40 2.417 1805 40 2.234 1660 

50 -3.107 1335 50 -3.153 1200 

54 -5.337 1040 54 -5.354 1040 

926



70 10 21.517 7570 70 10 19.927 7100 

20 16.127 3830 20 15.017 3675 

30 10.675 2585 30 9.968 24.35 

40 5.148 1820 40 4.752 1815 

50 -0.448 1360 50 -0.623 1360 

60 -6.106 1050 60 -6.150 1050 

Table 4 shows that the maximum upsurge level in surge tank under each load changes depends on 

initial discharge and final discharge. For same initial discharge, if reduction in final discharge is more, 

the elevation of upsurge is also more and it will take more time to stabilized (Figure 6 & 7). The 

results obtained in Table 3 & 4 show that to control the surge, the planned closure of turbine from 

100% discharge could be in stages: 100% to 60%, 60% to 40%,  40% to 30%  and so on. Such closure 

will help controlling upsurge elevation and thereby cost of surge tank. The orifice types of surge tank 

are found more effective in sudden load rejection from full discharge to very low discharge rather than 

stage wise closure (Figure 8). 

Figure 6. Mass oscillation for Partial load 

rejection Pi=60% of Q, Pf=20%of Q 

Figure 7. Mass oscillation for Partial load 

rejection Pi=60% of Q, Pf=54%of Q 

Figure 8. Maximum upsurge for simple and orifice type surge tank for further load rejection from 

partial load. 
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5. Conclusion

The governing equations of flow system at the junction of surge tank in hydro power plant are solved 

by Runge Kutta 4
th
 order (RK-4) method. The mathematical model of simple and orifice type surge 

tank simulate water level fluctuations in the tank due to partial or full load rejection. It was observed 

that in orifice type tank orifice restricts the inflow into the tank or outflow from it, the amplitude of 

the oscillations of the liquid level in the tank is less than that of an equivalent simple tank, and the 

development of the accelerating or deceleration head on the tunnel is more rapid than in the case of a 

simple tank.  In addition, time required to damp the surge wave is remarkably small in case of orifice 

type surge tank, this makes orifice surge tanks more reliable and suitable for water hammer control 

applications. Further, the stage wise closure is also found to minimize the maximum upsurge level. In 

absence of precise analytical solution, the numerical model provides very useful result to finalize the 

height of the surge tank. 
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Abstract 

Water is necessary for sustainable human development as well as for the healthy functioning of the planet's 
ecosystem. To increase the safe yield of non-perennial rivers to supply water for increasing population, dams 
and reservoirs are essential. For existing reservoirs, the operation of the structures is becoming more and more 
challenging under stochastic behavior of rainfall and intense rain events. The augmentation of small reservoir 
supply needs additional inflows from nearby large canal systems and adjoining reservoir. The difficulty of the 
small storage causes additional threat under flood event due to sudden release from reservoir to the downstream 
area. To help decision making process for operating reservoir under water conservation and flood routing 
scenarios, computer models are very useful. In this study, a model is developed using HEC-ResSim for 
operation of Ajawa reservoir near Vadodara, India. The reservoir is more than 100 years old providing raw 
water to Nimeta treatment Plant for drinking water requirement of Vadodara City. To augment the inflow into 
reservoir, it is connected with nearby Pratappura reservoir through feeder canal. Sardar Sarovar Canal water is 
also available to reservoir under deficit condition. HEC-ResSim is used to construct the Ajwa reservoir 
simulation model with inflow and outflow facilities. The model is used to investigate additional requirement 
from Sardar Sarovar Canals under normal monsoon. The HEC-ResSim is found very useful tool for testing 
various operating scenarios. 

Keywords:HEC-ResSim, Reservoir Operation, Ajwa Reservoir, Reservoir routing 

1. Introduction

For sustainable human development as well as for the healthy functioning of the planet's 
ecosystem water is a prime resource. With increasing in population and possible effects of climate 
change, water resources engineers are finding solutions for water conservation and protection from 
extreme flood event. To increase the safe yield of non-perennial rivers, dams and reservoirs are 
essential. Operation of the reservoirs is becoming more and more challenging under stochastic 
behavior of rainfall and intense rain events. In case of smaller catchment, runoff may not be sufficient 
for yearly demand and additional sources such as water transfer from adjoining catchment or nearby 
canal system need to be developed. The difficulty of the small storage causes additional threat during 
flood release if the river at downstream of reservoir is passing through plain with populated areas. 
Computer base simulation models are very useful to decision making authorities to handle various 
operation scenarios( Wurbs, 1993, 1996) In this study, a model is developed using HEC-ResSim for 
operation of Ajawa reservoir near Vadodara, India. 

2. Study Area

The one third of water requirements of city Vadodara of Gujarat State is fulfilled by Ajwa 
reservoir. The city has been experiencing a flash flood situations due to heavy rainfall in entire 
catchment of Vishwamitri river. Maharaja Sayajirao Gaekwad III, ruler of Vadodara built the Ajwa 
dam in 20th century. It is an earthen dam which was constructed for supplying water to Vadodara city. 
This reservoir has the ability to attend to the water requirements of about 300,000 people residing in 
the eastern parts of the city. Ajwa reservoir is located 20 km northeast of Vadodara on river Surya, a 
tributary of Vishwamitri. The dam is about 5 km long and it can store water to the height of 211 feet 
above the mean sea level. The average bottom elevation of reservoir is at 196 feet. At downstream, 
the Surya river meets the Vishwamitri river before entering in to the city of Vadodara. The spillway 
of reservoir has 62 gates. When the reservoir is full, it is supposed to have a catchment area of 195 
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square kilometers. To augment the inflow into reservoir, it is connected with nearby Pratappura 
reservoir through feeder canal. Sardar Sarovar Canal water is also available to reservoir under deficit 
condition. 

Despite the about 930 mm of average annual precipitation that the Vadodara and nearby 
catchment receives annually, Vadodara features a semi-arid climate due to the high potential 
evapotranspiration. The Vadodara area receives rainfall from southwest monsoon. The southwest 
monsoon brings a humid climate from mid-June to mid-September. The infrequent heavy torrential 
rains cause the river to flood. The total catchment area drained by the Vishwamitri River up to its 
confluence with the Dhadhar is 1183.689 sq. km. out of which 570.42 sq. km. is intercepted by City 
Bridge, Vadodara (Shah and Patel 2010). 

In this study, a model is developed using HEC-ResSim for operation of Ajawa reservoir. The 
objective of the study is to develop a strategy to maintain the required release for drinking water 
requirement throughout the year. 

3 Data Collections and Methodology 

3.1 Data Collection and Map Preparation 

To understand the catchment characteristics, Digital Elevation Model (DEM) of the study area is 
prepared and following feature were created using ARC-GIS (Fig. I). 

• District boundary, Taluka boundary, Village boundary
• Geology, Soil
• Slope

• Rivers
• Landuse, Drainage
• Ajwa reservoir, Pratappura reservoir
• Asoj feeder canal, Narmada supply canal

Figure 1 DEM of Ajwa Reservoir Catchment 
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For the developing the model, various features of actual dam and its different structures are required. 
The different types of data required for the study to be conducted are described in the Table. I. 

a e a 1en ea T bl 1 S l" t fi tu res o fA" D s]Wa am, p t ra appura D am 

Water of Ajwa reservoir is supplied to Nimeta water treatment plant and further to the 
Vadodara city for various purpose. 135 MLD of water supply is withdrawn from Ajwa Sarovar and 
this data has been collected from VMC. Ajwa reservoir is feed with water from Narmada branch canal 
as and when required. For the present study the inflow from Sardar Sarovar Canal is considered as 20 
cusecs for period of 1-15 May 2018 and 60 cusecs for 16 May to 30 June 2018. There is a feeder 
canal between Ajwa Dam and Pratappura Dam, known as Asoj Feeder canal. The data of water 
conveyed through the canal is measured in terms of depth in canal which is obtained from Ajwa Dam 
Authority. The data of daily rainfall for two station of Vadodara district namely Bhaniyara and Pilol 
from June 1981 to October 2016 and from June 1981 to October 2017 respectively are collected from 
State Water Data Center (SWDC). 

3.2 Methodology 

Rainfall data is used to estimate inflow from Ajwa catchment and Asoj feeder canal by using 
rational method (Chow, 1964; Subramanya, 1994). The Model of dam and reservoir is created in 
HEC-ResSim software (Klipsch and Hurst,2013; McKinney, 2011; Lucas, 2017). The different zones 
and the top elevations of the Ajwa dam reservoir are as follows: 

i. Top elevation of flood control zone = 66.185 m
ii. Top elevation of conservation zone = 65 .27 m
iii. Top elevation of inactive zone = 55.79 m

Three different operational strategies are used for supplying inflow and outflow data and the 
simulation of reservoir operation is done in software. Validation of model is carried out with observed 
data. The model is further simulated for increase in demand ofVadodara City. 

4. Result and Analysis

For the present study, the model of Ajwa dam reservoir was developed in HEC-ResSim 
software. The validation of the model developed is done by observed canal inflow and water levels at 

SR. 
NO. 

DESCRIPTION AJWA DAM PRATAPPURA DAM 

1 Reservoir Sayaji Sarovar Pratappura Sarovar 

2 Location Ajwa 21 km NE from 
Vadodara 

Pratappura 10 km N 
 of Ajwa 

3 Type of dam Earth Earth 

4 FRL RL 214 ft RL 229 ft 

5 Capacity at FRL 63.74 Mm³ (2251 M 
cft) at 65.23m (RL 214 

ft) 

5.15 Mm³ (182 M cft) 
at 69.80 m (RL 229 ft) 

6 Waste weir overflow 
level 

65.23 m (211 ft + 3 ft 
shutter height) 

Hansapura & Mudhela 
69.69 m (228.65 ft) 
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Ajwa dam in the month of March, 2019. During this period, initially the level of Ajwa reservoir was 
very low of about 204 ft. As the level was very low the head that was required to supply water to the 
Nimeta water treatment plant was not available and hence, the supply of 250 cusecs of water was 
taken from Narmada canal for the period of one month. After one month, due to high inflow from 
Narmada canal the level of the reservoir was reached to 208 ft. During this period of time no inflow 
other than supply from Narmada canal was there and the supply of water to the Nimeta treatment 
plant was 140 MLD. The model is validated with the observed data for inputs such as reservoir area 
capacity curve. 

The operation of reservoir is studied for three scenarios: (i) 150 MLD Water supply to Nimeta 
water treatment plant without inflow from Sardar Sarovar Canal and (ii) 150 MLD Water supply to 
Nimeta water treatment plant with supplement inflow from Sardar Sarovar Canal (iii) 200 MLD 
Water supply to Nimeta water treatment plant with additional inflow from Sardar Sarovar Canal 

4.1 Case-I 

The simulation is carried out for non-monsoon period of operation of intake. The reservoir is 
assumed to be full by the end of September month after the monsoon has ended in India. And the end 
of the year is taken as June when the rain starts in India. 

The FRL is assumed as 65.27m and the period of simulation is adopted from 15 September 
2017 to 15 June 2018. The supply to Nimeta water treatment plant is assumed as 150 MLD. And a 
constant seepage of 1.4 mm/day is adopted for this study. 

The figure 2 shows the variation of elevation and flow with time. The graph of elevation vs Time 
indicates the reservoir level reduces with time from 65.27 m to 61.40 m due to constant daily demand 
and absence of inflows. 

Figure 2 Elevation vs Time and Sotrage vs Time (Case-I) 

4.2 Case-II 

For case II, the operation of Ajwa reservoir is simulated considering the additional inflow from 
Narmada canal. The simulation is done from 1 May 2018 to 30 June 2018, considering the fact that 
the level of Ajwa dam on 1 May 2018 was 204.75 ft. The inflow from Narmada canal from 1 May 
2018 to 15 May 2018 was 20 cusecs, while inflow from 16 May 2018 to 30 June 2018 was 60 cusecs. 
The outflow to the Nimeta water treatment plant is taken as 150 MLD. The results of simulation are 
shown in the figure 3. From the results it can be observed that the level of reservoir is maintained with 
the supply of water that has been provided from the Narmada canal. 

932



+

Figure 3 Elevation vs Time and Sotrage vs Time (Case-II) 

4.3 Case-III 

In this case the reservoir simulation is carried out considering future scenario. Vadodara city authority 
needs additional 50 MLD treatment plant to meet the increasing demand in near future. In this 
simulation, instead of 150 MLD of withdrawal from Ajwa Reservoir, 200 MLD of outflow is 
considered. The inflow from Narmada canal is assumed to have increased and adopted as 60 cusecs 

for entire period of time of simulation. The simulation is carried out for a period from 15 September 
2018 to 15 June 2019. It is assumed that the level of reservoir at the commencement of the simulation 
is at FRL. Figure 4 shows the results of model simulation. The reservoir elevation at the end of 
simulation is 63.97 m which is at sufficient level to convey the flow under gravity to Nimeta Plant. 

·I 

Figure 4 Elevation vs Time and Sotrage vs Time (Case-III) 
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5. Conclusion

In this study, a model is developed using HEC-ResSim for operation of Ajawa reservoir. The 
simulation of reservoir operation is carried out for present and future scenarios. It is concluded that if 
the inflow from Sardar Sarovar Canal is not augmented to reservoir, the reservoir will deplete to very 
low level. Under this condition, the gravity flow from reservoir to treatment plant is difficult with less 
head available. Hence, in the beginning of summer, additional inflow from Sardar Sarovar Canal is 
required. To satisfy the near future demand of 200 MLD, the Sardar Sarovar Canal inflow to reservoir 
is required for entire non monsoon period. The model may be extended to simulate inflows from 
catchment under extreme events. 
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ABSTRACT 

Hydropower is a renewable, non-polluting and environmentally benign source of energy. The current study 
represents the first step in a comprehensive field study to quantify the amount of power generation through the small 
hydro power project (SHP) and inspire to construct such structure with irrigation infrastructure in India. This paper 
is present in-depth scenario on proposed SHP going to begin on Vadodara Branch Canal (VBC) of Narmada Canal 
system. VBC is off take at 81.804 km of Narmada Main Canal (NMC) having total length of 115.05 km. Sardar 
Sarovar Narmada Nigam Limited (SSNNL) identified six fall sites on Vadodara Branch Canal (VBC) at chainage; 
6720m, 11080m, 14580m, 21000m, 22500/22800m and 24290 m. The project envisages setting up SHP at above 

fall sites to harness available hydro energy. Also this study includes evaluation of design capacity for power 
generation for various canal falls. The SHPs will generate power from the irrigation releases through the VBC by 

utilizing the water heads available at the fall locations between the upstream water level and downstream water level 
of the fall. Irrigation being the main purpose of the VBC, some of the SHPs are planned to utilize the releases as 
available in the canal in a non-consumptive way. The work presented here describes a method of analyses and assess 
the potential of hydro power generation through various canal falls situated along the VBC to support an estimation 
of availability of total power potential on given fall site for small hydro power project. 

Key Words: Hydropower, Small Hydropower Project, Renewable Energy, Sustainable Development, Irrigation 
Canals, Canal Falls 

1. INTRODUCTION

As energy becomes the current catchphrase in business, industry, and society, energy alternatives are
becoming increasingly popular. As a country highly dependent on foreign fossil fuel sources, INDIA 
experiences many problems due to its increasing energy consumption in parallel with increasing 
population and rapid economic growth. Hydroelectricity exists as one option to meet the growing demand 
for energy. Prioritization of the development of renewable energy sources to increase their contribution to 
electricity generation is a multi-criteria decision making problem. In this study, small hydropower should 
be given priority to increase its contribution to INDIA's electricity generation. Low-head hydropower 
sites, also referred to as small hydropower, have the potential to increase contributions to the electric grid 
from renewable resources. 

1.1 RENEW ABLE ENERGY 

Emerging and developing countries have 80% of the world's population but consume only 30% of 
global commercial energy. As energy consumption rises with increases in population and living 
standards, the need to expand access to energy in new ways is growing as is the awareness of the 
environmental costs. Increased recognition of the contribution that renewable energy (RE) can make to 
energy independence, climate change mitigation, rural development, improved health and lower health 
costs (linked to air pollution), is shifting RE from the fringe to the mainstream of sustainable 
development. 
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1.1.1 RENEW ABLE ENERGY IN INDIA 
Renewable energy is becoming an increasingly important element of India's national energy mix. The 

huge potentials of the country in renewable energy are recognized as an additional important energy 
source which can contribute to the key policy objectives of the energy sector, given the ever increasing 
prices and the shortages in fossil fuel supplies. By diversifying the energy mix in a climate friendly way 
and by increasing the energy security at the same time, the main benefits of renewable energy for India 
become obvious. In the early 1980s, India became the world's first nation to have a "Ministry of New and 
Renewable Energy (MNRE)". Due to the heavy power shortage and the ever increasing prices of fossil 
fuels, the nation has taken up an ambitious target of augmenting the current energy supply with renewable 
sources. Notable achievements have already been made in this direction with a total of 29 GW of 
electricity generated from renewable sources, whose total potential has been estimated by MNRE to be 
around 245 GW. 

1.2 HYDROPOWER 
Hydroelectric power (often called hydropower) is considered a renewable energy source. Through 

hydropower, the energy in falling water is converted into electricity without "using up" the water. 
Hydropower is one of the oldest and simplest form of harvesting energy from nature In modern society 
hydropower is almost exclusively used to generate electricity through the use of turbines and generators. 
It is necessary to create a head at a point of the stream and to convey the water through the head to the 
turbines which will transform the energy of the water into mechanical energy to be further converted to 
electrical energy by generators. The necessary head can be created in different ways of which two have 
been practically accepted. 

1.2.1 ASSESSMENT OF HYDRO CAPACITY: 
The Studies were carried out by the Central Electricity Authority, Ministry of Power, during 1978-

1987 have placed the hydro power potential at 84044 MW at 60% load factor and the economically 
exploitable hydro potential as 1,48,701 MW including 2300 MW of small hydro schemes. An exercise 
was carried out by Central Board oflrrigation and Power (CBIP) in the year 2011-12 to assess the hydro 
capacity in the country. The study considered all the projects i.e. under operation, under construction and 
concurred by Central Electricity Authority (CEA), for which Detailed Project Report (DPR) and Project 
Final Report (PFR) have been prepared, under survey & investigation, allotted by state and those 
identified so far. Details of all the projects have been brought out in CBIP publication titled 
"Hydroelectric Projects in India". 

1.2.2 Classification of Hydropower and Small Hydropower 
• Hydro power projects are generally categorized in two segments :

1. Small hydro ( < 25MW) - canal based or run of the river
2. Large hydro (>25 MW)- either run of the river type or associated with large dams

Table 1 Worldwide Classification of Small Hydropower Schemes 

COUNTRY/ORGANISATION CAPACITY 

UK ≤ 5 MW 

UNIDO ≤ 10 MW 

INDIA ≤ 25 MW 

SWEEDEN ≤ 15 MW 

COLOMBIA ≤ 20 MW 

AUSRALIA ≤ 20 MW 

CHINA ≤ 25 MW 
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Source: Kanjlia V.K.-Research article-2012 

1.3 SMALL HYDROPOWER 

The SHP development of the first type is usually used in mountainous regions and characterized by 
relatively very simple features. The civil works involved comprise a small structure to divert the flow of 
the water stream/river, and generally the run of river water-falls is utilized. 
Small hydropower is a key element for sustainable development due to the following reasons: 
• Simple and less expensive construction work and in expensive equipment are required to establish

and operate small hydropower projects. The cost of electricity generation is inflation free. Also, the
gestation period is short and the schemes give financial returns quickly. Proper utilization of water
resources: various streams and rivers can safely provide energy to run a small hydroelectric plant.

• Clean and non-polluting source: SHP projects are known for low carbon energy production. Small
hydro is a pollution free source for electricity generation and environmental problems like GHG
emissions, acid rain are not associated with it. The development of small hydro has low effect on the
environment. In SHP, no big storage is formed and rehabilitation of population is not required as in
case oflarge hydropower projects.

• Development of rural and remote areas: in remote and hilly areas, sources for development of small
hydro are found in abundance. SHP development provides electricity, transportation, communication
links and economy to such rural areas.

• Other uses: SHP also gives additional benefits along with power generation such as irrigation, water
supply, flood prevention, fisheries and tourism.

2. RESEARCH STUDY AREA

2.1 V ADODARA BRANCH CANAL 

Vadodara Branch Canal (VBC) off- takes from ch. 81.804 Km. of Narmada Main Canal having total 
length of 115.05 Km. on left side near village Rameshara which passes through Panchmahals, Vadodara 

and Bharuch district. The discharge capacity of Vadodara Branch Canal at head is 76.04 Cumecs with 
section 6.30 X 3.70 +0.90 m. and at tail is 2.46 Cumecs with section 1.40 X 1.30 M. and total CCA is 
1,15,928 Ha. The Vadodara Branch Canal is ridge canal passes through different villages of Halol, 
Waghodia, Vadodara, Padra and Jambusar Taluka. VBC crosses Nos. of natural drains, National 
Highways, State Highways and also passes through city area ofVadodara between ch. 27.00 to 41.00 Km. 
The VBC is lined with plain cement concrete to minimize seepage losses to attain higher velocity and to 
control the water logging in future. The lining work is carried out with the mechanized pavers. The work 
ofVBC was completed in the year 2001 and water flowing for irrigation since year 2004. 

PHILIPINES ≤ 50 MW 

NEWZEALAND ≤ 50 MW 

IRAN ≤ 10 MW 

Table 2 Classification of Small Hydropower Schemes in India: 

Type Use Capacity 

Water Mills For local use Up to 5 KW 

Micro Village electrification Up to 100 kW 

Mini Village Electrification & Grid 101 kW to 2000 kW 

Small Grid 2001 kW to 25000 kW 
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FIG 1 VADODARA BRANCH CANAL (LAYOUT DIAGRAM UPTO 50 KM.) 

Source: SSNNL, Canal DEPT., Vadodara. 

2.2 SMALL HYDROPOWER PROJECT at Vadodara Branch Canal 

Sardar Sarovar Narmada Nigam Limited (SSNNL) identified six fall sites on Vadodara Branch Canal 
(VBC) which offtakes from Narmada Main canal (NMC) at Ch 81.804 km. The locations of six fall sites 

on the Vadodara Branch Canal are at chainage; 6720 m, 11080 m, 14580 m, 21000 m, 22500/22800 m 
and 24290 m. The total estimated cost of the work will be Rs. 6296.00 lacs. The SHPs will generate 
power from the irrigation releases through the VBC by utilizing the water heads available at the fall 
locations between the upstream water level and downstream water level of the fall. Irrigation being the 

main purpose of the VBC, some of the SHPs are planned to utilize the releases as available in the canal in 
a non-consumptive way. The energy generated from these SHPs will go a long way in meeting the energy 
requirements of SSNNL in pumping water in the canal for irrigation purposes. The energy availability at 
the SHP locations will also improve the voltage profile and reliability of the power system in the nearby 
grid substations. 

3. Data Collection

Data has been collected to fulfill the objectives of the study. To know Vadodara Branch Canal system
detail of tree structure developed on it like branch to branch canal, distributary canal, minor, sub minor 
following data collected from various department of SSNNL: 1. Location and Location details of falls, 2.

Command area and command area development details, 3. Discharge carrying capacity of proposed canal, 
4. Hydraulic details of canal, 5. Discharge data for canal fall, 6. Various details for canal falls.

Table 3 Details of Canal Fall Sites 

Sr.No. 
Fall at 

Chainage (m) 

Design discharge D/S 

(Cumecs) 

Magnitude of fall 

(m) 

No. and Types of 

Gates 

1 6720 65.53 4.50 2 Radial 

2 11080 63.53 3.15 3 Radial 

3 14580 60.50 3.70 3 Radial 

4 21000 53.92 3.30 3 Radial 

5 22500 53.92 3.30 2 Radial 

5a 22800 53.92 3.25 2 Radial 

6 24290 53.92 3.10 2 Radial 
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4. METHODOLOGY:

In this segment, how the whole project is to be carried out is discussed from selection of the project to
the conclusion from the final result. 

STEPS: 

1. Collect various literatures about hydropower generation, various hydropower projects i.e. large
hydropower, small hydropower, micro hydropower etc.

2. After analyzing detailed review of the literatures, selection of project is to be carried out.
3. Selection of project study on Small Hydropower Project on Vadodara Branch canal.
4. Collecting the required data for the calculation of hydropower potential through canal fall.
5. Analysis of the each data collected like available head at each fall, command area, daily discharge

data etc.
6. Calculate the daily discharge data for D/S of related canal fall situated along VBC. So to get the

D/S daily discharge data at each canal fall by deducting the each outlet's discharge from the total
discharge of the Vadodara Branch Canal (VBC). i.e.

D/S discharge at any fall = (Total discharge In VBC - discharge of no. of outlet situated on UIS of 
the fall) 

• After computing the daily discharge, calculate the power can be generate from that discharge data
using power equation. Completed this calculation for data available from OCT-2011 to APR-
2014. After computing the daily discharge(Q), calculate the power generate from that discharge
data using following equation:

P (kW) = Q (m3/s) x H (m) x Tttot x 9.81

P = Electrical power output (kW); Q = Rated discharge in (m3/s); H = Net head in (m)

For this project:

Tltransition � 93%; lltnrbine � 93.5%; llgenerator � 97%

Tl total � Tl transition x lltnrbine x Tl generator � 84, 3 5 %

7. From the power potential calculate the power generation capacity on daily basis.
8. Finalize the result and give the conclusion for power generation capacity for small hydropower

project for Vadodara Branch Canal (VBC).
SAMPLE ANALYSIS OF DATA COLLECTED AND ASSESSMENT OF POWER 

GENERATION CAPACITY THROUGH CANAL FALL SITUATED ALONG VBC: 

• Analysis of the each data collected like available head at each fall, command area, daily discharge
data etc. The daily discharge data is available as follows(E.G.):

SR.

NO 

Name of 

Branch Canal 

Discharge (cumecs) 

1-Dec 2-Dec 3-Dec

1 Vadodara Br.Canal 41.2 41.6 45.9 

2 Itoly 0.4 0.4 0.4 
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FIG 2 Line Diagram ofVBC upto 26 km 
Therefore to get the daily discharge data at each canal fall by deducting the each outlet's discharge from 
the total discharge of the Vadodara Branch Canal (VBC).i.e. 

Computation of Daily Discharge any fall = (Total discharge In Mother Canal (VBC) - discharge of 

no. of outlet situated on UIS of the fall) 

Sample Calculation: Computation of Daily Discharge 6720 canal fall = Discharge (In VBC - In Gutal 
minor- In Sanoli minor- In Kundhela Branch canal)= 41.201-0*-0.1416-3.9644 = 37.095 m3/sec 

*Where GUT AL canal is not in working condition 

• Calculate the daily discharge data for of each canal fall using following figure:

 Sample calculation of discharge:

SR. 

NO. 

LOCATION OF 

FALL 

(CHAINAGE)(m) 

Discharge (cumecs) 

1-Dec 2-Dec 3-Dec

1 6720 37.1 37.4 41.6 

2 11080 37.0 37.2 41.5 

 After computing the daily discharge(Q), calculate the power generate from that discharge data:

SR. 

NO. 

LOCATION OF 

FALL 

(CHAINAGE)(m) 

Power(kW) 

1-Dec 2-Dec 3-Dec

1 6720 1381 1392 1550 

2 11080 963 971 1081 

 Take summation of power generate from canal falls and calculate the daily power generation

capacity among all fall sites.
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5. RESULT

Results are derived from various data analysis, review about power generation and load duration

curve derived along various canal falls situated along VBC. Various result evaluated for VBC, in 

following segment from calculation, related monthly power generation, power generation capacity 

relation between avg. discharge and design discharge for various canal fall situated along VBC during 

period JUL-11 to JUN12 

Table 4 MONTHLY POWER GENERATION DURING PERIOD JUL-11 to JUN12 

MONTH 

MONTHLY POWER GENERATION AT CANAL FALL(kW) TOTAL 

POWER 

GENERATIO

N(kW) 

Fall at 

6720 

Fall at 

11080 

Fall at 

14580 

Fall at 

2100 

Fall at 

22500 

Fall at 

22800 

Fall at 

24290 

Jul-11 1317 922 1083 954 954 940 897 7068 

Aug-11 3587 1653 1939 1679 1679 1654 1578 13769 

Sep-11 975 683 761 529 495 488 465 4397 

Oct-11 9350 6488 7282 5963 5963 5873 5602 46522 

Nov-11 33825 23541 27028 23009 23009 22661 21615 174688 

Dec-11 36454 25382 28484 23058 23058 22708 21660 180804 

Jan-12 35761 24775 27685 22162 22162 21826 20819 175191 

Feb-12 37049 25680 28885 23127 23127 22776 21725 182368 

Mar-12 46043 31959 36521 30313 30313 29854 28476 233480 

Apr-12 13057 9140 10710 9392 9392 9249 8822 69761 

May-12 8844 6191 7246 6344 6344 6247 5959 47175 

Jun-12 7602 5274 6194 5386 5386 5305 5060 40208 

Table 5 POWER GENEREATION DURING PERIOD JUL-11 to JUN12 

Sr.no. Month 

Monthly 

Power can 

be generate 

(kw) 

Daily 

Power 

Generation 

(kw) 

1 Jul-11 7068 228 

2 Aug-11 13769 444 

3 Sep-11 4397 147 

4 Oct-11 46522 1501 

5 Nov-11 174688 5823 

6 Dec-11 180804 5832 

7 Jan-12 175191 5651 

8 Feb-12 182368 6289 

9 Mar-12 233480 7532 

10 Apr-12 69761 2325 

11 May-12 47175 1522 

12 Jun-12 40208 1340 

Total of Year 11-12 (kw) 1175432 3151 

Table 6 AVERAGE DAILY DISCHARGE (Qa) FOR VBC FOR PERIOD JUL11-JUN12 

FALL 

AVG. DAILY DISCHARGE (cumecs) 

Jul-

11 

Aug-

11 

Sep-

11 

Oct-

11 

Nov-

11 

Dec-

11 

Jan-

12 

Feb-

12 

Mar-

12 

Apr-

12 

May-

12 

Jun-

12 

6720 1.13 3.09 0.77 6.83 25.54 26.64 26.13 29.97 33.64 9.86 6.46 6.81 
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11080 1.13 2.03 0.77 6.77 25.39 26.50 25.86 29.68 33.36 9.86 6.46 6.74 

14580 1.13 2.03 0.73 6.47 24.82 25.31 24.60 28.42 32.46 9.84 6.44 6.74 

21000 1.11 1.97 0.55 5.94 23.69 22.98 22.08 25.51 30.21 9.67 6.32 6.58 

22500 1.11 1.97 0.55 5.94 23.69 22.98 22.08 25.51 30.21 9.67 6.32 6.58 

22800 1.11 1.97 0.55 5.94 23.69 22.98 22.08 25.51 30.21 9.67 6.32 6.58 

24290 1.11 1.97 0.55 5.94 23.69 22.98 22.08 25.51 30.21 9.67 6.32 6.58 

Table 7 % Qa./Qd VALUE FOR PERIOD JUL-11 TO JUN12 

MONTH 

CANAL FALL AT CHAINAGE (m) 

6720 11080 14580 21000 22500 22800 24290 

Qa/Qd Qa/Qd Qa/Qd Qa/Qd Qa/Qd Qa/Qd Qa/Qd 

Jul-11 1.78% 1.80% 1.87% 2.07% 2.07% 2.07% 2.07% 

Aug-11 4.87% 3.24% 3.36% 3.66% 3.66% 3.66% 3.66% 

Sep-11 1.21% 1.23% 1.22% 1.01% 1.01% 1.01% 1.01% 

Oct-11 10.76% 10.80% 10.72% 11.02% 11.02% 11.02% 11.02% 

Nov-11 40.22% 40.50% 41.12% 43.95% 43.95% 43.95% 43.95% 

Dec-11 41.95% 42.26% 41.94% 42.62% 42.62% 42.62% 42.62% 

Jan-12 41.15% 41.25% 40.76% 40.97% 40.97% 40.97% 40.97% 

Feb-12 47.20% 47.34% 47.09% 47.33% 47.33% 47.33% 47.33% 

Mar-12 52.98% 53.21% 53.77% 56.03% 56.03% 56.03% 56.03% 

Apr-12 15.53% 15.72% 16.29% 17.94% 17.94% 17.94% 17.94% 

May-12 10.18% 10.31% 10.67% 11.73% 11.73% 11.73% 11.73% 

Jun-12 10.72% 10.76% 11.17% 12.20% 12.20% 12.20% 12.20% 

From above % Qa/Qd value, Graph can be obtain for every canal fall 

1. % Qa/Qd at canal fall 6720 m Chainage of VBC

Graph 1 % Qa/Qd V/S MONTH FOR PERIOD 11-12 AT 6720 m OF VBC 

Graph 2 % Qa/Qd V/S MONTH FOR PERIOD 12-13 AT 6720 m OF VBC 
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Graph 3 % Qa/Qd V/S MONTH FOR PERIOD 13-14 AT 6720 m OF VBC 

5.1 Results for Firm Power, Secondary Power Generation through Canal Falls for VBC: 

Result for 2011-12: 

Following Table (v) shows Power Generation through canal falls situated along VBC with respect to 

percentage of time (i.e. load factor) for period Jul-11 to Jun-12 

Table 8 Power Generation WRT % of Time for period Jul-11 to Jun-12 

% of time 

POWER GENERATION AT CANAL FALL(kW) 

Fall at 

6720 

Fall at 

11080 

Fall at 

14580 

Fall at 

21000 

Fall at 

22500 

Fall at 

22800 

Fall at 

24290 

100.00% 975 683 761 529 495 488 465 

91.63% 1317 922 1083 954 954 940 897 

83.30% 3587 1653 1939 1679 1679 1654 1578 

74.97% 7602 5274 6194 5386 5386 5305 5060 

66.64% 8844 6191 7246 5963 5963 5873 5602 

58.31% 9350 6488 7282 6344 6344 6247 5959 

49.98% 13057 9140 10710 9392 9392 9249 8822 

41.65% 33825 23541 27028 22162 22162 21826 20819 

33.32% 35761 24775 27685 23009 23009 22661 21615 

24.99% 36454 25382 28484 23058 23058 22708 21660 

16.66% 37049 25680 28885 23127 23127 22776 21725 

8.33% 46043 31959 36521 30313 30313 29854 28476 

Sample Graphical Representation of Power Generation v/s % of Time for Canal Fall at 

Chainage 6720m of VBC for year 11-13: 

Graph 4 for year 11-12 Graph 5 for year 12-13 
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Table 9   Firm Power and Secondary Power Generation through Canal Fall at 6720m chainage of VBC 

Firm & Secondary Power generation for Canal Fall at 6720 ( kW) 

Year 
Load Factor (%) 

60 70 80 90 100 

2011-12 8947 8103 6012 3143 975 

2012-13 7703 4272 1672 500 369 

2013-14 4124 2473 1200 696 194 

Avg of 3-year 6925 4949 2961 1446 513 

SUMMARY OF RESULTS FOR VBC 
 From Graph 1 to 3, it can be say that power generation increases with increases in actual discharge in

the months from December to March. Where the in monsoon period discharge in canal is low due to

low water demand. It has been clearly observed that Maximum utilization of canal is only upto 56%.

 From graph 4 and 5, which are shows load duration curve for canal falls for period of Jul-11 to Jun-

14, the firm power (i.e. load factor at 100%) is at very low level.

 Considering development of command area is not completed,  Average Firm & Secondary Power

generation can be given by take load factor 60% to 100% as shown in following Table 10 for various

canal falls situated along VBC :

Table 10 Avg. Firm Power & Secondary Power Generation at Various Canal Falls Situated along VBC 

Avg. Firm Power & Secondary Power Generation at Various Canal Falls 

(kW) 

Fall at 

Chainage 

Load Factor (%) 

60 70 80 90 100 

6720 6925 4949 2961 1446 513 

11080 4381 3221 1950 782 359 

14580 5113 3763 2274 918 408 

21000 4367 3161 1924 823 314 

22500 4367 3161 1915 805 303 

22800 4300 3113 1886 793 298 

24290 4102 2970 1799 756 284 

6. CONCLUSION

 Diffusion of small hydro energy throughout the country should be given priority in solving the energy

crisis. SHP is a cost effective and sustainable source of energy that cause less and simple construction

work and inexpensive equipment are required to establish and operate small hydropower projects. By

generating small hydro energy from the abundance sources India can solve a big portion of energy

deficiency.

 The annual power generation through various canal falls situated along VBC is varies from 2.67MW

to 3.15MW for period Jul-11 to Jun-14. The average power generation assessed through various canal

falls situated along VBC is 2.87 MW per day based on present daily discharge data for period Jul-11

to Jun-14.
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• For VBC the maximum utilization is upto 55% to 60%, which is at very low level. This is available
on actual discharge data which is definitely lesser than the design discharge, so it is understood that
the command area development (CAD) is not fully completed.

• As per design discharge, the power generation capacity at defined location at VBC shall be 5.15 MW.
If command area development fully covered the benefits of irrigation water to end user i.e farmers as
well as max. power is available.

• This power can be enhanced on irrigation requirement as per CAD limited upto design discharge.
This is quite valuable amount which helps in rural electrification.
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ABSTRACT 

Agriculture is the backbone of India which heavily depends on the change of climate in the country. A prolonged 

period of abnormally low rainfall, leading to a drought. Drought in India has resulted in tens of millions of deaths 

over the last three decades. Also, it becomes a big challenge to water resources, for the best water resource 

management drought forecasting is a must. As drought is a nonlinear parameter Artificial neural network(ANN) 

which is inspired by the human brain will be a good option to use. Drought indices that measure the degree of 

dryness can be calculated in ANN by Neural network type is feed-forward backpropagation algorithm and training 

with levenberg-Marquardt(LM) backpropagation algorithm for the selected study area. Here an attempt can be 

done to compare the results of actual and model output values and predict the efficient projection of drought. 

Keywords: Drought, ANN, feed forward back propagation, LM backpropagation. 

1. INTRODUCTION

A drought is defined as, an event of prolonged shortage of water supply, whether surface water or 

ground water and also if the rainfall values are less than the annual average rainfall values .The 

drought is not a physical occurrence it based on the weather change conditions. now a days the 

drought conditions is occurring for so many areas due to prolonged less rainfall values, The ultimatum 

of water has increased rapidly due to increase in agriculture, population and industrial zone but 50% of 

the populated areas are highly venerable to the drought in the world. So paucity of water leads to 

reduce the agriculture yields. The drought happens with lack of rainfall for prolonged period of time. 

Unlike the other natural disasters, drought evolves slowly with time because it take significance 

amount of time to come into effect with respect to their establishment. The Irrigation Commission of 

India defines drought as a situation occurring in any area where the average annual precipitation is less 

than 3/4th of normal precipitation. . IPCC forecasts the temperature will increase by 2.7-4.3 °C all over 

India by the 2080. Here, temperature is the main parameter to estimate drought , by observing the 

above conditions the drought climate change parameters increases rapidly in many areas. 

The prediction of drought plays an important role not only in water resources management but also 

in agriculture, socio economic planning and social planning. This drought forecasting system is 

important task to planners for storage of water and to avoid the threat response and this forecasting 

gives warning bell to future water management. The farmers are victims to this drought, so forecast is 

the important tool for managing the crop production, livestock and soil harvesting. These is 

responsible for controlling water bodies and groundwater. 

947

Paper ID - 489

mailto:y.ganesh60@gmail.com
mailto:mahesh93.happy@gmail.com
mailto:mahesh93.happy@gmail.com
mailto:%20kcpatra@nitrkl.ac.in


In this paper drought forecasting is calculated by using of artificial neural network(ANN) and 

standardized precipitation index(SPI) models and this drought is categories by using SPI. here, 

artificial neural network is used to create different models which forecast the model values of monthly 

rainfall of rayalaseema region and then by using SPI the drought is categorized. The given input data 

set has the parameters, which effect the rainfall is average temperature, relative humidity, wind speed. 

The results obtained from all the ANN models and then compared with actual value . 

1.1 Artificial neural network : 

Actually this artificial neural network is described from the human neural nervous system as 

how neurons are interconnected with each other likewise in ANN and human neural system 

interconnections signals are provided to remember output likewise in artificial neural network gets 

one output. To get output or remember human nervous system is faster than this software. But 

human nervous system has 60 trillions of interconnections and by using software we should do 

some level extent. ANN comprises of network of several basic elements that are operating in 

parallels known as neurons and the parallel connections are called layers which are basically 

interconnected and form a structure. ANN is a close replica to human brain or biological nervous 

system. The ANN has three essentials 1)neuron 2)architecture 3)learning paradigm the 

combination of neurons form a layer and this neurons describes how many input and output 

variables and combined of layers form a architecture. The learning paradigm consists of supplying 

the network with an example set and change their weights refers to the method of network weights 

upto the network is able to represents the good relationship between model and actual values. 

Adjusted the structure is considering here is first layer represents the input layer which takes data 

input variables and then last layer represents the output layer which takes data output variables 

and then hidden layer is between input and output layer each layer has some neurons that are 

related to weights and bias. Actually there are so many neural network types and training 

algorithms.But in this paper, feed forward backpropagation neural network type is used and 

training algorithm, levenberg marquardt is used here. The levenberg marquardt algorithm is a 

reform of the classic newton algorithm for finding an optimum solutions to a minimization error 

problem.This algorithm is faster and less time taking. This LM algorithm introduces to another 

approximation to hessian matrix by combining the update rule of the gauss newton algorithm and 

hessian matrix then actually in the LM training algorithm expression jacobian matrix and some 

parameters are there so this ‘TRAINLM’ take less time for iteration. 

1.1.1 Feed forward backpropagation: 

Feed forward neural network have been applied to many different problems. This 

algorithm has advantage of error backpropagation, this algorithm can be viewed as the popular 

least mean square (LMS) algorithm. In this algorithm we have to do procedure as like the input 

signal propagates through the network in a feedforward directed layer by layer like input layer to 

hidden layer and then hidden layer to output layer by considering the input variables ,weights and 

bias are passed through activation function, if that model value and actual value is not fit then 

algorithm itself defines the rule to propagate the error back from output to input layer and adjusts 

weights, along with this backpropagation can be expressed as below. 
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Figure 1 ANN Diagram 

P1, P2, P3 are the input neurons, where R is the number of input element vectors 

W=weights; b= bias. 
The neuron has a bias (b), which is summed with the weighted inputs to form the net output n. The net 

input n is the argument of the transfer function(f).is expressed as 

(1) 

This expression can, of course, be written in MATLAB® code as 

n = W*p + b (2) 

1.1.2  Standardized precipitation index : 

The standardized precipitation index(SPI) is recognized for drought index by considering 

precipitation. This SPI is able to take into account the different time scales at which the we observe 

drought conditions and it is suited to compare drought conditions among different time periods. 

McKee designed the SPI in 1993 to be a simple, this SPI is based only on precipitation. This drought 

index SPI is based on rainfall based indicator by using the formulae we get one single numerical value 

by that value, The SPI negative value is considered for drought and positive value is indicated for wet 

condition. Actually there are various indicators to measure metrological,agricultural and hydrological 

drought depending upon various parameters. So SPI is the most generalized used indicator because it 

is depends on one parameter. The design of SPI is such that it has the ability to simultaneously 

indicate flood like situation on at least one time scales and drought like situations in different time 

scales. It is observed that generally in a short time scales, soil dampness conditions ,dam storage, 

stream flow, and ground water reflects the long term rainfall abnormalities. The SPI for 3,6,12,24, and 

48 time frames was calculated by Mckee (1993). Only rainfall value is required for computation of the 

index. Calculation of the SPI for a specified time period at any location requires a long term monthly 

precipitation database with 30 years or more data and the formulae is different between precipitation 

value and average precipitation whole divide by standard deviation. The drought indicator SPI is 

adjusted in such way that it follows a Gaussian distribution with unit variance and zero mean by using 

the SPI values. we conclude that the wet and dry conditions it is the simple drought index compared to 

other drought index the index is calculated as shown in the equation below. 

SPI=(Pi-Pavg )/s.d  (3) 

Pi=precipitation value. Pavg=mean value. 

s.d=standard deviation of rainfall data.

n = f(w1,1.p1 + w1,2.p2 + ... + w1,R.pR + b)          
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Table 1 SPI values and drought category 

SPI Values Drought category 

≥2.0 Extreme wet 

1.49 to 1.99 Severe wet 

1.00 to 1.48 Moderate wet 

0.49 to 0.99 Mild wet 

-0.48 to 0.48 Near normal 

-0.99 to -0.49 Mild drought 

-1.48 to -1.00 Moderate drought 

-1.99 to -1.49 Severe drought 

≤ -2.0 Extreme drought 

2. LITERATURE REVIEW:

Enireddy Vamsidhar et. Al(2010) in this study they presented the prediction of rainfall by using 

backpropagation method.In this paper feedforward algorithm is used to find the amount of rainfall 

level. The input variables are humidity,pressure,dewpoint. 

Sudipta K. Mishra and Naresh Sharma(2018) in this study they presented the forecasting of rainfall 

using backpropagation neural network type.In this paper LM and Bayesian regulation algorithm are 

used. NARX network type is used here, the next value of output is depend on previous values of 

output and exogenous input(temperature).Based on mean square error values which algorithm is better 

have to decided in first case Bayesian regulation algorithm is used due to minimum MSE value is 

observed and in second and third case levenberg marquardt algorithm is observed of lowest MSE 

value. 

Cancelliere•G. Di Mauro•B. Bonaccorso•G. Rossi(2007) in this study they presented the Drought 

predicting by using the Standardized Precipitation Index to prediction of future SPI values on the 

basis of past precipitation, are presented. Analytical expressions of the Mean Squared Error of 

prediction are also presented, which enables one to derive confidence intervals for the forecasted 

values. 

E G wahyuni, L M F fauzan, F abriyani, N F muchlis(2018) in this study they predict the rainfall in 

backpropagation method.This network is designed with 4 input variables are wind speed, temperature, 

sunshine duration and relative humidity, and 3 output variables are high rainfall ,medium rainfall and 

low rainfall, can be used properly in this network to prediction of the system precipitation is the same 

as the results of manual calculation. 

Akash D Dubey(2015) in this study, ANN models were trained using the input data. There were total 

12 ANN models, for training purpose using the 800 data samples.the validation purpose 200 data 

samples are used and testing of the neural networks were done using 200 data samples. For a network 

to be more accurate, the mean squared error(MSE) has to be as small as possible. In this paper neural 

network type is used are feed forward back propagation, layer current and feed forward distributed 

time delay. And in each neural network type the training functions are used, TRAINRP and 

TRAINLM . and the adapative learning functions are LEARNGD and LEARNGDM respectively. 

The better minimum MSE is obtained for feed forward distributed time delay neural network type.in 

this paper comparison between actual and model data. 

3. STUDY AREA

Andhra Pradesh consists of two regions coastal area and rayalaseema area. Rayalaseema region lies

between 12° 30' N and 16° 30' N latitudes and 76° 30' E to 79° 55' E longitudes. Rayalaseema has

four districts anantapur, chittoor, cuddapah, Kurnool and revenue mandalas are 234 covering an

geographical area of 67,298 sq kms. Actually It is an economically backward region of Andhra

Pradesh compared to coastal Andhra. This region is declared as famine zone of south India. Due to
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reducing of rainfall in this region so the drought is considered as permanent guest to this region. From 

past years in andhrapradesh, rayalaseema region is known as stalking ground of famines. Other name 

of rayalaseema, is rathanalaseema but so many peoples and investigators called as rallaseema to this 

regions due the drought conditions and erratic of rainfall. Jaisalmer district of Rajasthan is driest part 

in india followed by anantapur district in rayalaseema region. The rayalaseema region of Andhra 

Pradesh is a landlocked region. It barely receive rainfall from both north east and south west 

monsoon. The main disadvantage of this arid region is that rainfall receives 75% less than of normal 

rainfall of every year. In this region the mean maximum temperature is observed as 45 degrees and 

the mean minimum temperature is 24.6 degrees.By studying various papers one can observe the 

drought years in the Rayalaseema region since 1995 are 

1999,2001,2002,2003,2004,2005,2009,2010,2011,2012. By average, for every three years drought 

will occur in the rayalaseema region. 

Figure 2: study area of rayalaseema region. 

4. Data Collection:

Data collections from India meteorological department(IMD) and the SWAT TAMU websites, 

information like average rainfall and temperature are collected from IMD. Relative humidity, wind 

speed is collected from SWAT TAAMU, this data is from (1979 – 2013) years, for all the points in 

the region. 

5. Methodology:

5.1 Artificial neural network(ANN): 

ANN is one of the tool in matlab software, by using the tool we have to predict the rainfall and SPI 

values. ANN has so many algorithms but in this paper feed forward backpropagation neural network 

is used and in training algorithm levenberg marquardt is used. In this feedforward backpropagation 

neural network type, for forecast they are two steps 1) forward step 

2) backward step.

5.1.1 Forward step: In this forward step the input data in the network is propagated to the hidden

layer by connection of weights and bias and then propagated to output layer then the network error is

computed.

5.1.2 Backward step: In this backward step the error is made by the network then backward

direction is propagated and then weights are updates accordingly up to the minimization of error.

For this study, three input parameters were average temperature, wind speed and relative humidity. A
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dataset was collected, which extended from 1979 to 2013. For the training purpose 75% data is 

collected while for validation 15% data were taken and for testing purpose 15% data were taken. The 

input and output data are separated in Microsoft excel and are stored in workspace of matlab R2020a 

software. The ANN toolbox is opened in matlab software by giving ‘nntool’ command and the input 

and output data are copyed from workspace into input variable and output variable respectively. The 

training of data helps the network to adjuste according to its errors and the validation of data helps to 

measure network generalization, and to halt training when generalization stops improving. And when 

the training the data is overfit then validation stops because the weights are suitable to training data 

only and for validation it is not suitable because of overfit of data and the testing data have no effect 

on training and so provide an independent measure of network performance during and after training. 

In this paper feedforward backpropagation neural network is selected and training algorithm 

‘TRAINLM’ is selected. Number of neurons have to be chosen and neural network type is created. 

In this algorithm the logical steps for training a neural network with supervised learning creates a 

structure of set of input neurons and hidden neurons, output neurons and initialize the weights and 

bias of the neural network to random values. At hidden and output layer sigmoid activation function is 

used in this paper. In this process feedforward phase and backpropagation phase will occur in 

feedforward backpropagation algorithm. Feedforward phase propagates from the input to output layer 

in this phase, input pattern are extracted at random from those variables by giving weights and bias to 

that 

input variable, next neuron value is obtained like this. The above procedure is done upto output layer. 

After that the model value and actual value are compared, if more errors occur then have to go to 

backpropagation phase (i.e. from the output to input layer). In backprogation phase corrections are 

calculated for the weights by solving partial differential equation and corrections are applied to the 

weights of the layer, like this weights are changed in the cycle until the error is minimum or specified 

number of iterations are completed. Levenberg – Marquardt algorithm is specifically designed to 

minimize sum- of-square error functions the updated weight as mathematically computed below. 

(4) 

The mean square error is the average squared difference between model and actual values. Lesser 

mean square values are well. Regression R analysis is performed to measure the correlation between 

model and actual values. In the process of training of data the calculation stops when MSE<0.01 or 

epoch is 1500, in this training of data mean square graph and then regression coefficient are to be 

observed value, and regression coefficient value should be nearly equal to one. 

(5)

(6)

Simultaneously, the regression values for training, validation and testing samples were 

checked. If the regression value is not close to 1, then using trial and error method, bias and 

weights of the ANN is set again and the whole computation is performed again until 

regression value reach close to 1.And then plot the regression values in training and testing. 

By using this ANN the model precipitation values are obtained and based on the single value 

precipitation using the standardized precipitation index (SPI) drought categories are obtained. 

Based on the drought category+ies comparison between model and actual values is done. 

6. RESULTS

In this model hidden layer size is taken as 10. Neural network diagram is shown in the given 

𝑤𝑛+1 = 𝑊𝑛 − (𝐽 ⋅ 𝐽′ + 𝜇 ⋅ 𝐽)−1 ⋅ 𝐽𝑘 ⋅ 𝑒𝑘

Mean square error (MSE),𝐸 =
1

2
∑ (𝑇𝑘 − 𝐴𝑘)2

𝑘

Coefficient of regression, 𝑅 = √1 −
∑ (𝑦0−𝑦𝑝)

2𝑛

�̇�=0

∑ (𝑦0−
𝛴𝑦0

𝑛
)

2
𝑛

𝑖=0
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figure 

below. In the following figure there are 3 input neurons, these 3 input neurons represent three 

input variables. At output layer one neuron is there which represents the model value. The 

hidden neurons are selected based on the error values. If the regression value is good in 

training set and the test set value is worse which could indicate the overfitting, then reduce 

the number of neurons can improve the results. If training performance is poor then increase 

the number of neurons. 

Figure 3 Neural Network Diagram 

Figure 4 Regression Graph of monsoon season. 
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Figure 5 performance graph 

While running the model, as neural network type feedforward back propagation is used. As the 

training function TRAINLM algorithm is used, and as the adaptive learning function LEARNGDM is 

used. At hidden layer and output layer Tansigmoid activation function is used, this activation function 

is used to control the flow values of output. Minimum gradient value is taken as 1e-07 in this model, 

the μ value is taken as 0.001, and maximum epochs are 1000. 

Here some regression graphs are shown above. The regression plots show network comparison of 

outputs with respect to model values for training, validation and test sets. For a perfect fit, the data 

should fall along 45 degree line, then this problem is fit reasonable good for all data sets, with R value 

in each case 0.90 or above. In the below regression figures for training, validation and testing 

regression values are greater than 0.9, so this model shows the model output value is approximately 

equals to actual values. Likewise, for every month regression values are greater than 0.9. By 

observing the below graphs of regression and performance, model output values are collected and, 

then comparison between model output values and actual values is done. The performance graph 

shows above that mean squared error is nearly equal to zero. 
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Figure 6 Comparison of model output values and actual values of monsoon seasons. 

From ANN precipitation model values are calculated, and then by using standardized precipitation 

index (SPI) the drought values are categorized. Based on categorized values drought years are 

identified in Rayalaseema region. In order to measure yearly precipitation, shortfalls inconsistence on 

a 12 month scale for the period 1979 to 2013 in this study area. The evaluation of SPI values is done 

on an annual timescale. The computed value of SPI categorizes rainfall occasions as moderate/typical, 

low/deficiencies rainfall for Rayalaseema region. The graphs shown below show comparison of 

model drought categorize values and actual drought categorize values of Rayalaseema region 

Figure 7 Comparison of ANN and actual SPI values. 

7. Conclusion:

Actually by using the feed forward backpropagation network type and by training with

‘TRAINLM’ in ANN, precipitation values are forecasted in Rayalaseema region. By using the

standardized precipitation index formulae drought is categorized and the SPI values are

considered as model drought SPI values and then ANN model values and actual values are

compared, here it is observed that ANN model values are approximately showing actual
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values ,so this model is fitting properly without any large errors. From this model based on 

SPI values during 1979 to 2013 it is categorized as moderate drought, severe drought, 

abnormally drought, normal dry. 

Mild drought years : 1984,1985,1987,1989,1994,1997,1999,2001,2006,2012,2013. 

Moderate drought years: 

1980, 1982,1986,1992,2002. 

Severe drought years:2003. 

By observing the above conditions of drought years, on an average for every three years drought 

will occur in the rayalaseema region. Future work is to forecast the 5 years drought values by 

using the above weights and bias. 
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Abstract 

Dams serve various significant benefits to society, such as irrigation, flood control, hydropower 

generation, water supply and tourism promotion, and many others. However, they also have a high risk 

associated with them. There is always a need to investigate the breach aspects of a dam as it retains 

huge water quantities. In this research paper, a hydraulic model of Hirakud Dam in Odisha is developed 

on HEC-RAS application (developed by US Army Corps of Engineers) to simulate the flood resulting 

from the failure of Hirakud multipurpose dam in the Odisha state of India. Hirakud dam was inaugurated 

in 1957 and continues to be the longest earthen dam in the world. Propagation of flood resulting from 

dam breach into its downstream areas, especially Burla and Sambalpur City, is studied, and an 

inundation boundary map of the downstream regions is prepared. The Dam Breach Analysis plays a 

vital role in designing an Emergency Action Plan (EAP). Digital Elevation Model Data of the study 

area is obtained from the USGS earth explorer site and is converted into UTM projection WGS 1984 

using the Arc-Map application by Arc-GIS software. Challenging topographic features, vast catchment 

area, colossal length of the dam, tributaries close to the study area were some of the challenges posed 

during the model's simulation. 

Keywords: Hirakud Dam; Dam Break Analysis; HEC-RAS; Arc-GIS; Mahanadi River; Sambalpur; Hirakud 

1. INTRODUCTION

Dams serve various significant benefits to society, such as irrigation, flood control, hydropower 

generation, water supply and tourism promotion, and many others. The growth of civilisation can be 

significantly attributed to the irrigation and flood control, and thus indirectly dams. The dams are 

massive structures holding water quantities to the tune of few to thousands of M. Cum. However, they 

aren`t infallible.  Thus, this project concentrates on the dam breach analysis of the longest earthen dam 

of the world Hirakud dam situated on the great river aka Mahanadi.  

India has recently mourned the 40th anniversary of the Machchhu dam break (1979) situated in Gujrat 

province, estimated to have a casualty to the tune of 25000. Between 2000 and 2010, more than 200 

dams have failed each having its own havoc. The presence of vast settlements downstream of the 

Hirakud Dam makes it an extremely significant structure and thus dam break analysis of the structure 

is warranted. The dam break analysis and flood inundation maps prepared will help in the preparation 

of an Emergency Action Plan and evacuation efforts. In this paper we are modelling overtopping failure 

of Hirakud Dam on HEC-RAS 6.0.0 and identifying the effect of such failure in downstream areas of 

Burla (population nearly 39,000) and Sambalpur City (population nearly 2,70,000) and popular 

religious places in the vicinity.    

A Harikumar, Sachin, K C Patra, (2018), prepared a dam break model using Mike 11 for Indravati Dam 

for overtopping failure utilizing Saint-Venant equations. Froehlich, (2008), studied 74 embankment 

dam failures and proposed the equations for average breach width and breach formation time. Analysis 

on HEC RAS has been done by M M Joshi, S S Shahapure, (2017), for Ujjani Dam in Maharastra. K 

Naveena, K C Patra, (2020), compare various models of dam break of Kadem dam and propose breach 

width as the most sensitive parameter in analyzing a dam breach. Department of Water Resources 

(DoWR) and Central Water Commission (CWC) provide with all the necessary data relevant to carry 

out the analysis on HEC RAS. 
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The objectives of the study are: 

• To carry out dam breach analysis of Hirakud Dam using HEC-RAS.

• To estimate the effects on downstream areas in terms of water level, flow velocity etc. due to

dam break and to develop the Flood Inundation Map.

• To identify the effect of Dam Break on downstream settlements and popular religious places

of Burla and Sambalpur City.

In this paper the Hirakud Dam situated in Odisha State of India is modelled in Hydrologic Engineering 

Centre River Analysis System, developed by US Army Corps of Engineers, and Froelich (2008) 

equations are used to estimate the breach parameters. The failure mode studied is overtopping failure. 

2. STUDY AREA

The Study Area of this model is a subset of the Mahanadi Basin, which spreads across large areas of 

Madhya Pradesh and Odisha. The study area comprises of Burla, Sambalpur City, Phulbani, Maneswar, 

Binka, Attabira, Redhakhol and Badmal. The study area spans between 82-85N latitudes and 20-23E 

longitudes. Special emphasis has been given to Burla and Sambalpur City as they are quite close to the 

4800m long dam. Burla, with a population of nearly 39,000 residents, and Sambalpur, with population 

2,70,000, are important business, medical and tourism hubs and thus their vicinity to the dam warrants 

for special observation. 

Table 1 Salient features of Hirakud Dam: 

S. No. Description Details 

1 Gross Storage Capacity at FRL 5896 M.Cum 

2 Catchment Area 83400 Sqkm 

3 Design Flood Discharge 15,00,000 Cusecs 

4 Full Reservoir Level RL 192.024m 

5 Maximum Water Level RL 192.024m 

6 Dead Storage Level RL 179.830m 

7 Max Height of Dam 60.96m 

8 Top Level of Dam RL 195.68m 

9 Total Length of Dam 4800m 

10 Length of Concrete and Masonry Dam 1148.5m 

11 Length of Earth Dam 3651.5m 

12 Spillway Capacity 15,00,000 Cusecs 

13 Crest Level RL 185.928 

14 Year of Commencement 1948 

15 Year of Completion 1957 

3. METHODOLOGY

3.1 DATA COLLECTION 

• The Digital Elevation Model Data was obtained through the United States Geological Survey

(USGS)` Earth Explorer website. The dataset used was SRTM-1 Arc Second Global and the

format of the data used was GeoTiff. The study area spans across several square kilometers and

hence multiple tiles (9) were downloaded and converted into processable data. The DEM data

was downloaded for 82-85E and 20-23N.
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• HEC-RAS 6.0.0 was obtained from the US Army Corps of Engineers` website. The Hydrologic

Engineering Center (HEC) in Davis, California, developed the River Analysis System (RAS)

and made it available for the public and military use for free. HEC-RAS is used to carry out the

Dam Breach Analysis and hence the backbone of the project.

• Web Imagery was used to aide identification of structures and terrain. Web Imagery was

obtained from ArcGIS Web Imagery and Google Maps via Rasmapper, the GIS platform of

HEC-RAS.

• Department of Water Resources (DoWR), Government of Odisha and Central Water

Commission (CWC) were kind enough to provide important resources, such as Inflow

Hydrograph and Elevation-Volume Curve among other details, for carrying out the analysis.

3.2 MODELLING 

The Digital Elevation Model data of the study area spanned nine tiles and hence for the simulation of 

the model the nine tiles is mosaiced into a single tile. The mosaicking is done using the Mosaic to New 

Raster tool in ArcMap 10.5 software by Arc GIS. 

All DEM data is imported into the ArcMap with projection set to WGS_1984_UTM_Zone_45N using 

Project Raster command. Specific modalities need to be taken care of during mosaicking to ensure 

compatibility of the DEM data, generated into a single TIF file, and HEC-RAS. All data is input and 

processed in SI units to maintain uniformity between platform and ensure correlation. The same is 

ensured by setting the units to SI at all times. 

The following steps were employed for modelling the Hirakud Dam in HEC-RAS: 

i. GEOMETRY DATA

The software used for modelling is USGS` HEC RAS version 6.0.0. Rasmapper is the GIS platform of 

HEC RAS and comes inbuilt to HEC RAS 6.0.0. HEC RAS and Rasmapper are opened and the units 

are set to meters to ensure uniformity. The projection is set to UTM WGS 1984 and the DEM file is 

then loaded into the Terrain. The DEM file displays the depth characteristics of the study area via color 

codes and hence cannot be worked upon stand alone. 

Rasmapper allows Map Layers to be added in addition to the terrain data. ArcGIS World Imagery and 

Google Maps are added into the Rasmapper interface to aide identification of structures in the study 

area. Adding Map Layers and switching between them or using them simultaneously via overlapping 

makes the perimeter demarcation of storage area and flow area very convenient. 

A new Geometry file is created and the storage area of Hirakud Dam is demarcated onto the Terrain 

file and Map Layers. The Storage Area (Reservoir) is represented by blue boundary in the given Figure 

1. This is followed by marking of 2D Flow Area into the map. The flow area is represented by grid

pattern (due to mesh formation) and a black boundary in the Figure 1. The mesh formation is done to

generate approximately 3,00,000 cells each of dimension approximately 200m*200m to analyze flow
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area better. Figure 1 also shows the Boundary Condition line just outside the flow area. The Boundary 

Condition line is used to specify the boundary condition of the simulation. 

Figure 1 Marking the storage area and the 2D flow area 

Rasmapper is then closed and geometric data for the dam break analysis is entered into the geometry 

tab of HEC RAS. Connection between the Storage Area and 2D Flow Area (Hirakud Dam) is created. 

The 2D Flow Area tab is then used to compute the flow area into a 200m*200m cells and thus a mesh 

is generated. 297671 cells are generated for the smooth analysis of flood propagation in the 2D flow 

area. The mesh formation should be thus optimized as per requirement.  

The mesh formation is followed by entry of elevation storage data. HEC RAS provides the data that has 

been extracted from the DEM file which may or may not be of utility. The data provided by Department 

of Water Resources, Government of Odisha is reliable and hence is fed into the application. The 

conditions governing the data are that the first elevation should have zero storage and all other 

elevations should have an increasing storage to generate a strictly increasing plot. The data obtained 

from Department of Water Resources; Government of Odisha is shown in Figure 2. 

Figure 2 Plot between Elevation and Storage 
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Breach Parameters are then entered into the Connection Data Editor Toolbar. Breach Parameters 

calculated by using the Froelich (2008) equations are very consistent with dam breaks in the Indian 

subcontinent and hence are used: 

�̅� = 0.27koVw0.32Hb
0.04 (1) 

tf = 63.2√
𝑽𝒘

𝒈𝑯𝒃 𝟐 
(2) 

Table 2 Breach Parameters 

BREACH PARAMETER VALUE 

Final Bottom Width(m) 618.16 

Final Bottom Elevation(m) 190.1 

Left and Right-side slope 3 

Breach Weir Coefficient 1.44 

Breach formation time(hrs.) 2.43 

Starting WSE(m) 195.68 

With the entry of breach data and checking the Breach This Structure option, the geometry data is now 

complete and then the next steps of modeling can be started. 

ii. UNSTEADY DATA

Unsteady Flow Data is then entered. Boundary conditions namely Lateral Inflow Hydrograph and 

Normal Depth are specified for Storage Area and Flow Area respectively. The normal depth requires 

the input of friction factor for the terrain into the simulation. The initial conditions for the simulation 

are then specified for the storage area and the flow area. (Figure 3) 

Figure 3 Entering unsteady flow data 

Lateral Inflow Hydrograph is entered and its interval is then specified. Lateral Inflow Hydrograph is 

made available by the Central Water Commission and is very important in the dam break analysis. The 

dataset available spanned 9 days (216 hrs.) and for 6-hr interval.  
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After addition of the boundary conditions and the initial conditions, the input of unsteady flow data is 

complete and we can proceed to the next step i.e., simulation. 

iii. SIMULATION

Unsteady Flow Simulation is then run and the simulation time is specified in the Simulation Time 

Window. The computation interval is set to 10 minutes, the Mapping Output Interval to be 30 minutes. 

The Hydrograph Output Interval and the Detailed Output Interval are respectively set to 1 Hour each. 

The computation interval depends on the mapping interval required and also the flow and storage areas. 

The mapping interval can be greater than or equal to the computation interval and thus is chosen 

accordingly. (Figure 4) 

Figure 4 Unsteady Flow Simulation 

The programs to run are selected: Floodplain Mapping, Geometry Preprocessor, Post Processor and 

Unsteady Flow Simulation. Sediment Analysis is not done as it is not relevant to our case study. The 

program runs the simulation with some errors such as Solution-Solver Failed, Elevation-Storage 

relationship is not strictly increasing, Storage Area and Flood Plain interchanged, errors in breach data 

entry etc. Each of these errors correlates to faulty data entry or perimeter selection and such. After a 

number of iterations after resolving all errors, the application runs the simulation successfully and 

generates the results to be analyzed. The unsteady flow simulation is completed successfully as seen in 

Figure 5. 

Figure 5 Performing Unsteady Flow Simulation 
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The Rasmapper is used to visually correlate the results of the Dam Breach Analysis in HEC RAS. The 

Depth, Velocity, Inundation Boundary and WSE of downstream regions of Hirakud Dam are studied. 

(Figure 6 & 7). The inundation map for the dam breach analysis is generated by selecting the 

appropriate options in HEC RAS. This map is very important in preparation of Emergency Action Plan 

and eventually evacuation plans. Outflow at any cross sections downstream can be viewed using the 

profile line features of HEC-RAS. 

Figure 6 Depth and Inundation Boundary of flood 

Figure 7 Inundation Map 

Figure 8 shows the condition of downstream areas of Burla and Sambalpur City in the flood inundation 

map. The map helps in designating different areas different zones depending upon the severity of flood 

expected and hence is very important.  

Angul, Baragarh, Boudh, Cuttack, Dhenkanal, Jagatsinghpur, Jajpur, Kendrapara, Khordha, Nayagarh, 

Puri, Sambalpur, and Sonepur are directly affected by a potential emergency event due to dam breach 

at Hirakud Dam. 
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Figure 8 Submerged Burla and Sambalpur City 

4. RESULTS AND DISCUSSION:

The effect of dam breach at downstream area of Burla and Sambalpur City is studied. According to the 

inundation map, significant portion of these regions will be submerged in case of a breach of the Hirakud 

Dam and hence these should be evacuated in the case of a Dam Breach. The regions closer to the dam 

should be evacuated first and moved to high-lying regions lying outside the inundation boundary. 

Angul, Baragarh, Boudh, Cuttack, Dhenkanal, Jagatsinghpur, Jajpur, Kendrapara, Khordha, Nayagarh, 

Puri, Sambalpur, and Sonepur are 13 districts that would be directly affected by a potential emergency 

event at the dam site, therefore the district administrators should be ready to carry out evacuation at 

short notice. Burla and Sambalpur City`s velocity, terrain, depth and water surface elevation are shown 

in Figure 9 and 10 and the loss of life and property can be anticipated via the depth and velocity.  

Figure 9 Velocity against Terrain, Terrain, Depth and Water Surface Elevation (left to right, top first) of Burla post Dam 

Break Analysis 
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Figure 10 Velocity against Terrain, Terrain, Water Surface Elevation and Depth (left to right, top first) of Sambalpur City 

post Dam Break Analysis 

5. CONCLUSION:

The Dam Break Analysis of Hirakud Dam is done and the flood inundation map, depth, velocity and 

water surface elevation parameters were obtained at the downstream of the dam. Our study areas of 

Burla (with population exceeding 39,000) and Sambalpur City (with population exceeding 2,70,000) 

were found to be submerged to a great extent in such an event. The inundation map obtained shall aide 

in prepare emergency action plan. Flood routing methods can be used to minimize damage further.  

By proper planning and management, the untoward incident of failure of Hirakud Dam can be 

successfully managed and losses can be reduced to insignificant sums.  

The previously known problems at Hirakud Dam are: 

i. Insufficient Discharge Capacity: against the revised PMF with a peak value of 69,632

cumecs against 42,450 cumecs discharge capacity of the spillways

ii. Instrumentation error/failure: Failed cross arms, base plates, piezometers

iii. Seepage: Four locations in left dam and Six locations in right dam

iv. Erosion: Erosion at Hirakud Dam energy dissipation bucket

v. Structural Concerns: Cavities and cracks in left, right and power dam

These need to be immediately addressed and monitored to prevent the failure of dam and emergency 

action plan need to be prepared, circulated and updated regularly to keep up to the challenges posed by 

the longest earthen dam of the world, the Hirakud. 
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ABSTRACT 

Stilling basins can be used effectively in dissipating the excessive energy downstream of hydraulic structure 

like over flow spillway, sluices,  dam pipe outlets, etc.  This paper describes  about the experimental work 

for the development of new stilling basin model  for dam pipe outlet using two  baffle walls one after 

another  in the front of issuing jet along with   end sill. On the basis of present investigations, newly 

developed stilling basin model has been compared with USBR VI stilling basin model. The main purpose of 

this paper is to design and develop new model for pipe outlet stilling basin which is more efficient as 

compared to other model for pipe outlet by developing new physical models of stilling basin in the 

laboratory with the help of suitable appurtenances. The new models were tested  for two Froude numbers 

(namely Fr =  2.85 and 3.85) and compared to USBR VI stilling basin model recommended for the pipe 

outlet. The scour parameters were measured for each test run and flow pattern was also observed. The 

performance of the models was evaluated by performance number (PN). After experimental  study, it is 

found that, for tested Froude numbers  by using  two baffle walls along with end sill, the performance of 

stilling basin model  improved significantly as compared to USBR VI stilling basin model for a given flow 

conditions. 

Keywords: Baffle wall, Froude number, Hydraulic structure. Performance number 

1. Introduction

Energy dissipater or stilling basin is a structure which  protect the  downstream areas from erosion 

by reducing the velocity of flow acceptable limit. Many stilling basins models have been designed 

for pipe outlet like Bradly and Peterka (1957), Fiala and Albertson (1961), Flammer et.al.  (1970), 

Vollmer and Khader, 1971,Garde et.al.  (1986),  Tiwari (2013), Tiwari et al.(2011,2013,,Tiwari & 

Goel (2014&2016), etc. Past researchers have designed the stilling basin models for circular and 

non-circular pipe outlet with the help of various appurtenances like baffle blocks, plain impact 

wall, and intermediate sill and end sill. Appurtenances with proper design and suitable location 

play an important role for the protection of downstream hydraulic structures by reducing the 

kinetic energy of flowing water in the stilling basin. A stilling basin for a pipe outlet consists of 

appurtenances like splitter block, impact wall, intermediate sill and an end sill etc. The present 

research paper investigates the effect of two baffle walls, one fixed with floor in front of issuing jet 

with smaller height another was hanging  one downstream of first wall  along with  end sill  to 

evolve efficient stilling basin model as compared to USBR VI model developed by Bradly and 

Peterka (1957).   The first baffle  wall with varying  heights ( 1.75d, 1.5d and 1d) was tested along 

with hanging baffle  wall and end sill. 

2. Material and Methods

2.1 Experimental Programme and Procedure 

The experiments were conducted in a recirculating flume of 0.95 m wide 1 m deep and 25 m long. 

A rectangular pipe having cross section as 10.8 cm. x 6.3 cm. and 5.75 m long was used as the 

pipe outlet. This pipe was connected with delivery pipe of the centrifugal pump. The exit of pipe 

was kept above floor of stilling basin by one equivalent diameter (d = 9.3cm). A wooden floor was 

provided downstream of the outlet for fixing the appurtenances in the basin. To observe the scour 

after the end sill of stilling basin, sand bed having properties as given in Table 1 was used. The 

discharge was measured by a calibrated venturimeter installed in the feeding pipe. With the 

operation of tail gate, the desired steady flow condition with normal depth was maintained.  After 

one hour test run, the motor was switched off. The value of maximum depth of scour (dm) and its 
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location from the end sill (ds) were noted and performance of the models was evaluated by 

computing the values of performance number. Higher values of PN represent better performance 

as compared to the model producing lower values of performance number. All the testing were 

performed for constant  running time of one hour and with the same sand bed for two Froude 

numbers i.e., 3.8& 2.85 .  Total four  models were tested. Arrangements of models are given in 

Table 2 and also shown in Figures 1-5. 

Table 1 Characteristics of sand bed materials 

Specific 

gravity  

(S) 

Density  

ρs 

(kg/m
3
) 

Uniformity  

coefficient     

      cu 

Coefficient   

of curvature 

cc 

d60 (mm) d50(mm) d30(mm) d10(mm) 

2.76 1648 1.57 0.93 2.2 1.9 1.7 1.4 

Table 2 Scheme of Experimentation 

S. 

No. 

Model  

Name 

Baffle wall 
Impact Wall 

location from 

outlet exit 

End sill 

location 

from 

outlet 

exit 

Location 

from 

outlet exit 

Height Width 

1 SM-1 - - - 3d 8.4d 

2 SM-2 2d 1.75d 6.3d 4d 7d 

3 SM-3 2d 1.5d 6.3d 4d 7d 

4 SM-4 2d 1d 6.3d 4d 7d 

2.2 Performance Evaluation 

The performance of the stilling basin models can also be compared by another 

dimensionless number known as “Performance Number” (Goel 2008), which is the ratio of 

scour Froude number to the scour index. The scour Froude number (Fdm)   based on the 

average velocity of flow in the channel V   and the maximum depth of scour dm can be 

expressed as  

(1) 

If the scour pattern assumed to be parabolic as shown in Figure 1, the value of tanα is the 

slope of the tangent drawn to the base parabola of the maximum scour downstream of the 

end sill as given below: 

(2) 

These two parameters can be combined into one non dimensional number and termed as 

performance number (PN), Goel 2008. This performance number takes into consideration 

both flow and scour parameters.  Thus PN may be defined as: 

Substituting the values of Fdm   and tanα from equations (1) and (2), Performance
becomes as 
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  (4) 

A higher value of performance number suggests a better performance of a stilling basin 

model for a given conditions of the channel downstream of the pipe outlet. 

Figure 1 Scour Pattern 

SM-1 

Figure 1 USBR VI Stilling Basin Model  at Basin length 8.4d 
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SM-2 

Figure 2 Model with Baffle Wall of height 1.75d along with  other Appurtenances 

SM-3 

Figure 3  Model with Baffle Wall of height 1.5d along with  other Appurtenances 

SM-4 

Figure 4 Model with Baffle Wall of height 1.75d along with  other Appurtenances 
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3. Results and Discussions

An experimental work was carried out to design new efficient  stilling basin model as compared to 

existing USBR VI design. First of all model (SM-1) was tested with USBR VI impact wall   and 

sloping end sill and PI values  were obtained as   0.44 and 0.56 for Froude number ( Fr) = 2.85 and 

3.85 respectively. After that stilling basin model length was reduced to 7d from 8.4d and in similar 

flow condition model SM-2 with addition of baffle wall of height 1.75d along with suitable impact 

wall and end sill was tested.  The Values   of PN were computed and mentioned in Table2. From 

Table 3, it obvious that PN values of model SM-2 are higher side as compared to SM-1 as basin 

length is reduced to 7d from 8.4d. Further  models SM-3and  SM-4 were tested with replacing the 

baffle wall of height 1.5d and 1d respectively. Thus performance of new   developed model with 

baffle wall of height 1.75d at basin length 7d is better as compared to USBR VI model of basin 

length 8.4d,which is also shown in Table 3. During the test run of this model(SM-2), it was also 

observed that flow was very smooth for all Froude numbers and amount of eroded material of sand 

bed was also lesser as compared to other models. 

Table 3   Performance Index for Models Tested at Basin Length  8.4d and 7d 

S.  

No. 

Model 

Name 

Fr = 2.85 Fr = 3.85 

dm ds PN dm ds PN 

1 SM-1 4.4 12.5 0.44 4.6 15.5 0.56 

2 SM-2 1.3 11.5 2.52 1.5 12.6 2.42 

3 SM-3 3.1 28.9 1.72 1.8 13.9 2.05 

4 SM-4 4.4 12.3 0.43 5.2 16.8 0.50 

After analysis, it was found that by introducing baffle wall of suitable height (1.75d), there is 

improvement in the performance of the model(SM-2). It is so because of impact action, a reduction 

of energy is more, thereby improvement of the basin performance. Baffle wall of suitable height 

promotes the dissipation of energy in the basin by impact action and spreading the water over 

whole width of the basin. No doubt performance of the stilling basin models improves with the 

inclusion of baffle wall. Similar finding was also reported by Negm (2007), Tiwari & Tiwari 

(2013) and Tiwari et al. (2014). 

3.1 Comparison of USBR VI with new Developed Model 

On analyzing the USBR VI stilling basin model (SM-1) proposed by Bradley & Peterka (1957) 

and new developed stilling basin model (SM-2) for noncircular pipe outlet, it is found that the 

value of performance number are SM-2 (PN = 2.52and 2.42 for  Fr =  2.85 and 3.85 respectively,) 

is  higher side as compared to the value of performance  numberfor USBR-VI model (PN=  0.44 

and 0.56 for Fr = 2.85 and 3.85 respectively) even at reduced length  from 8.4d to 7d. Thus there is 

improvement of performance for tested Froude number and also the length of the basin for new 

design model is reduced from 8.4d to 7d. Reduction of the basin length from 8.4d to 7d (17%) 

makes the new stilling basin model (SM-2) more economical as compared to USBR-VI model 

(SM-1).  Comparative analysis is  also shown in Table 4. 

Table 4 Comparison of New model (SM-2) with USBR VI (SM-1) 

Name 

of 

Model 

2.85 3.85 Length          Remark 

PN Performan

ce 

PI Performance 
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improveme

nt 

improvement 

SM-1 0.44 0.56 8.4d USBR VI 

model 

SM-2 2.52 More than 

as 

compared 

to USBR 

VI 

2.42 More than as 

compared to 

USBR VI 

7d New 

Develope

d Model 

4. Conclusions

An experimental investigation  was conducted in the laboratory to develop new efficient stilling 

basin model as compared to USBR VI stilling basin model by using different appurtenance. 

Investigation was carried out by using baffle wall  just infront of issuing jet along with impact wall 

and end   for dam pipe outlet with twelve  test runs for Froude numbers 2.85 and 3.85. Based on 

the experimental results, it is found that the height of  baffle wall  affect the performance of stilling 

basin significantly due to change in the flow patterns.  During the study it was found height of 

baffle wall affect the flow conditions and ultimately scour pattern downstream of the stilling basin. 

Similar finding was also reported in Tiwari  & Goel (2014).  This may be because by increasing 

the surface area, skin friction increase, by which dissipation of energy enhanced in the basin 

enabling the higher values of performance index. It is also found that by using baffle wall of 

appropriate height  with  suitable impact wall at appropriate location and end sill, efficiency of 

stilling basin models improves more than two to three times as compared to USBR VI stilling 

basin model even at reduced length from 8.4d to 7d.  
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Abstract 

Automotive aerodynamics comprises of the study of aerodynamics of road vehicles. Its main goals are reducing 

drag, minimizing noise emission, improving fuel economy, preventing undesired lift forces and minimizing other 

causes of aerodynamic instability at high speeds. The Ahmed body has the form of a highly simplified car, 

consisting of a blunt nose with rounded edges fixed onto a box-like middle section and a rear end that has an upper 

slanted surface, the angle of which can be varied. It retains vital features of real vehicles in order to study the flow 

fields around it and the related turbulence models which characterizes the actual flow at elevated Reynolds 

number. In the present study, the aerodynamic behavior of this body is investigated numerically by the aid of 

commercial CFD tool: Ansys Fluent. The results of the simulation are validated with available experimental data 

and results of the simulations from other literatures. The numerical data were obtained for a fixed free stream 

velocity of 25 m/s at the inlet. The simulations were performed at a fixed slant angle of 25 degree and zero yaw 

angle. The present study focuses on how local refinement of mesh inside the concerned body and the outside, 

helps affect the results and for which grid dependency test is the primary objective of this paper. The present study 

also helps demonstrate how the drag of the body behaves, which is mainly the effect of pressure drag force 

generated at the rear portion of the body. The study also focuses on important properties like the velocity 

magnitude at different locations for different meshing cases, and to capture the flow pattern in the front or near 

the wake region. The study can be further helpful to future researchers in determining resistance, fuel efficiency 

etc. helping designers to optimize in specialized areas for better efficiency. 

Keywords: Ahmed Body, vehicle aerodynamics, drag force measurement, Simulation/Numerical investigation 

1. Introduction

The Ahmed body was at first put forward by Ahmed et al. (1984).is a general car model which is used 

by the automotive industries (Morel (1978), Good and Garry (2004), Guilmineau andChometon 

(2009), Heft et al. (2012) and Huminic and Huminic (2012)),to examine the wake forces and dynamics 

which is experienced in a verity of configurations. The Ahmed body is designed to have a smooth-

edged front end with a flat roof and a flat bottom section and an angled back slant which basically acts 

as the rear window of a car and ending with a vertical base. The back-slant angle which is commonly 

designated as ϕ is very critical to the flow patterns which are fashioned at the near wake region and 

subsequently has an impact on the aerodynamic forces which act on the body. Car companies makes 

numerous attempts to develop modified designs to effectively reduce the aerodynamic drag force which 

occurs at the rear end without putting any constraints in the stability, comfort and safety of the 

passengers. The aerodynamic drag of road automobiles is firmly connected to the vehicle’s wake 

downstream flow. The separation zone size and the drag force FD directly rest mainly on the position of 

flow separation over the Ahmed body. Subsequently, comprehensive facts regarding the wake flow 

characteristics and its connection with the geometry of body is essential for a successful design of 

upcoming future cars. The application of Computational Fluid Dynamics (CFD) in determining fluid 

flow pattern has been observed to be very common among researchers in the present days. CFD 

modeling in determining flow line of fluid around the Ahmed body has been utilized since the early 21st 

century. In many open literatures, the CFD application in determining air flow pattern and the changes 
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in flow motion with altering geometry of the Ahmed body have been found. Certain modifications in 

the Ahmed body aids researches and designers to determine the effect of modification on the resultant 

drag and lift force which can be calculated using CFD modeling. The chief purpose of automotive 

aerodynamics is the reduction of drag, lessening noise emission, increasing fuel economy and 

eliminating unnecessary lift forces and other origins of aerodynamic unsteadiness which arises at high 

speeds. The conventional Ahmed reference model has been considered as the standard model in this 

research work for carrying out numerical simulations for researching on the aerodynamic parameters. 

The Ahmed body has alike featured like a general car and is broadly utilized for authentication of new 

codes in the automobile industry. This simple geometric model has a length of 1.044-meter, height of 

0.288meter and a width of 0.389 meter. It consists of cylindrical legs of 0.5-meter radius attached to the 

bottom most part of the body. The rearmost surface has an inclination of 25 degrees. Ahmed body 

characterizes the simplified geometry of a ground vehicle as a bluff body type. Its geometry is adequate 

enough for precise flow simulation and retains few vital practical features relevant to cars. This model 

aids engineers and designers to generate turbulent flow field surrounding the simple car model by the 

use of k-epsilon model. In spite of neglecting quite a few numbers of features of a real car like rough 

underside, rotating wheels, surface projections etc. The Ahmed body generates the crucial features of 

flow pattern around a car for instance flow impinge-mentation and the displacement around the nose, 

relative uniform flow of air around the middle portion and flow separation along with the wake 

generation at the rear. Since the Ahmed body is easy to model, it can be effortlessly utilized for 

researching various properties like turbulence, drag coefficient, wake region, lift forces, velocity 

magnitude at various regions of the car, magnitude of pressure around the car which helps in 

determining what will be resistance, fuel efficiency etc. of the car thereby providing designers a clear 

idea on which region needs to be optimized for better effectiveness. The main objective of this study 

being stimulation of turbulent flow within the wind tunnel and around the Ahmed body to capture the 

flow pattern at the rear and wake region. A local refinement of mesh inside the concerned body is done 

with necessary body and face sizing’s of the parts of the Ahmed body to generate well defined plots for 

pressure and velocity contours and its grid dependency test is the primary focus of this paper.  

2. Methodology

CFD modeling involves a series of steps for numerically solving the fluid flow movement. The steps 

involved is creation of geometry, meshing and numerical setting based on which the fluid trajectory 

will be determined. Each of these steps is followed one after another. The dimensions of Ahmed body 

have been considered as the traditional geometry Ahmed et al. (1984). The geometry has been 

constructed using Solidworks saved in .stp format which was imported in ANSYS WORKBENCH and 

is shown in Figure 1.The larger and the smaller enclosure is developed in Ansys space claim  of 

appropriate dimensions which are given to capture the flow around the Ahmed body and is shown in 

Figure 2.The meshing specifications of four cases (with different mesh number) along with the number 

of nodes, elements and type of mesh are shown in the Table 1. Hexahedral mesh method was 

incorporated for three cases in the present study and polyhedral for the final case with the same meshing 

details as of case 3.Polyhedral mesh is applied as well with finest refined setup because it has the 

advantage of lower numerical diffusion. The inner faced wall of the Ahmed body consisting of 14 faces 

were further meshed along with an inflation layer which has been created outside the Ahmed body to 

accurately capture the outer boundaries data with a clean shape of mesh. For performing the grid 

dependency test, further refinement of the mesh has been done. The mesh file being saved as .msh have 

been imported into ANSYS FLUENT 19 where the numerical simulation was first run at STEADY 

state followed by TRANSIENT state for 1.2 seconds. Grid independency test was performed to study 

the variation in the flow pattern effect and its dependency on the number of mesh elements. Time step 

was set to 0.0005 and a maximum of 20 iterations per time step. 
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Figure 1: Geometry of Ahmed body captured in Space claim of the traditional dimensions 

Figure 2: Geometry of Inner and Outer enclosure of appropriate dimensions. 

Table 1: Mesh Details 

Mesh Details CASE 1 CASE 2 CASE 3 CASE 4 

Main 

enclosure and 

method 

200 mm(Hexahedral 

mesh method-

Multizone) 

100 mm(Hexahedral 

mesh method-

Multizone) 

90 mm(Hexahedral 

mesh method-

Multizone) 

90 mm(Polyhedral 

mesh method-

Automatic) 

Small 

enclosure 

70 mm 70 mm 50 mm 50 mm 

Body sizing 

of the Ahmed 

body 

20 mm 20 mm 10 mm 10 mm 

Face sizing of 

the legs of 

Ahmed Body 

5 mm 5 mm 5 mm 5 mm 

Inflation: (5 layers)First Layer 

thickness height-0.57 

mm 

(5 layers) Total 

thickness-12.4 mm 

(8 layers) Total 

thickness-35 mm 

(8 layers) Total 

thickness-35mm 

Elements 119379 143713 206443 207383 

Nodes 34053 70118 71772 48797 
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Figure 3: Cut section view of the local refinement of the mesh.

Figure 4: Cut section view of the inflation layers applied on the Ahmed body 

Figure 5: Close proximity applied around the legs of the Ahmed body 

Figure 6: Bottom view of the legs refined with face sizing 
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Table 2: Numerical Settings or Case Setup in Fluent 

Type Density Based 

Velocity Formulation 

Type of solver  

Absolute 

Density based 

Flow Method STEADY for 2000 iterations and TRANSIENT for 1.2 seconds 

Viscous/Turbulence Model used k-epsilon model

Inlet velocity 25 m/sec

Outlet pressure 1 atm 

Initialization Hybrid 

Material Fluid air 

Density of air 1.225 kg/m3

Viscosity 1.7894e-5 Kg/m-sec 

Lower wall Stationary wall 

Side wall Symmetry condition 

Table 2 shows the numerical settings which were applied in Fluent 19 to simulate the air flow movement 

around the Ahmed Body. Several planes were created to successfully capture the velocity contour and 

animations have been recorded to visualize the air flow around the body. Exactly same numerical setting 

has been used in all three cases for grid independent test to avoid discrepancy. 

2. Results and Discussion

A cut plane (XY Plane) is created in the center of wind tunnel as well as 5 planes are created in the YZ 

direction at different locations in the Post Processing over the Ahmed body. This gives the velocity of 

air along different geometry sections of the Ahmed body. The results and the plots are explained in the 

following subsection. 

3.1 Velocity vector plot for the transverse plane (XY plane) 

The Figures 3 is a good overview of the velocity distributions with vector plots around the Ahmed 

body. The plots in the X-Y plane are for three different local refinements for the required grid 

independency test. The mean velocity vectors along the first edge of the slant indicates no separation of 

flow. The boundary layer separation starts at the rear wake region due to high negative pressure 

gradients. In Case1,the yellow to orange region is the display of the velocities within 22.5 to 30 m/s 

while the lower wall captures the boundary layer starting from nearly negligible velocity to increasing 

velocities as it enters the second enclosure and is furthur refined. We can also observe the wake region 

to be sharper as ths slant angle is 25 deg. In the experimental results a little wider wake region has been 

observed in previous published literatures with lesser angles such as 12.5 deg. The wake region indicates 
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very low velocity region which is the reason for appearance of small vector fields in the wake region. 

Comparing Figure 7(a) with Figure 7(b) we can see that the maximum velocity for Case 2 is higher 

than Case 1.The blue region show low velocity and a high pressure region and the red region around 

the turns or corners of the Ahmed body highlights the region of low pressure and highest velocity. We 

can also see the counter rotating trailing vortex on the velocity contour.The main motive behind Figure 

3 is to see how the vector lines in the wake region behaves. It can be seen from the vector plot that there 

are lots of detachments/attachments and recirculation zonesat the trailing end of the Ahmed body for 

the refined setup compared to the base setup. These vortices are responsible for maintaining attached 

flow at the slant. The plots further reveals a magnified and a clear  wake region in the two refined setups 

compared to the base setup. 

7(a): CASE1(Base Setup)  7(b):CASE2(1st Refined Setup ) 

7(c): CASE3(2nd Refined Setup)7(d): CASE4(2nd Refined Setup) 

Figure 7: Velocity vector plots captured for 7(a)CASE1,7(b)CASE2,7(c)CASE3;7(a),7(b),7(c): 

(Hexahedral mesh method for the outer enclosure),7(d)CASE4(Polyhedral mesh method for the outer 

enclosure) 

3.2 Velocity streamline plot for the transverse plane (XY plane) 

The Figure 8shows the known time-averaged streamlines and streamwise velocity component contours 

in the symmetric plane created in the middle of the enclosure in XY direction, predicted by the CFD 

software.The boundary layer separation occurs on the rear slant with increase in lift due to larger 

pressure gradient generated in the slant. The sudden vacuums zone created on the wake region generate 

eddies. The spatial positions and dimensions of the upper and lower vortices in the rear wake region of 
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the body given by the coarse and fine refined setup which is in close agreement with the base setup.nWe 

can also see from the last case that the wake region developed travels at a smaller distance at the rear 

end compared to the other three cases. 

8(a): CASE1(Base Setup)  8(b):CASE2(1st Refined Setup) 

8(c): CASE3(2nd Refined Setup) 8(d): CASE4(2nd Refined Setup) 

Figure 8: Velocity streamline plots captured for 8(a)CASE1,8(b)CASE2,8(c)CASE3;8(a),8(b),8(c): 

(Hexahedral mesh method for the outer enclosure),7(d)CASE4(Polyhedral mesh method for the outer 

enclosure) 

3.3 Velocity vector plots for 5 different transverse planes created at different positions (YZ plane) 

Figure 9,10,11 and 12 for the 4 different cases of meshing shows the downstream development of the 

counter rotating trailing vortex at a specific slant angle of 25 deg. The contours represent regions of 

constant magnitude downstream velocity. At a distance of 1.11m downstream at the trailing edge of the 

Ahmed body, there is a large and strong region of recirculation back towards the Ahmed 

surface.Although the recirculation has somewhat disappeared by x =1.22m, there is still a large 

streamwise velocity deficit.At x=1.38 m and greater the location of the cores of the trailing vortices can 

still be differentiatedby deficits in streamwise velocity. In the upper part of the slanted surface there is 

small recirculation zones and exceeding this region the vector line behavior suggests that the flow 

reattaches itself leading to the development of circulation region in the lower most part of the rear end. 

3.3.1 CASE 1 
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9(a)   9(b) 

    9(c)                                                  9(d) 

Figure 9: Velocity vector plots at planes created at distance of (a)x=0.7m, (b)x=1.11m, (c)x=1.22m, 

(d)x=1.38m

3.3.2 CASE 2 

         10(a)    10(b) 

10(c)                                                10(d) 

Figure 10: Velocity vector plots at planes created at distance of 

(a)x=0.7m,(b)x=1.11m,(c)x=1.22m,(d)x=1.38m

3.3.3 CASE 3 
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11(a)       11(b) 

  11(c)                                          11(d) 

Figure 11: Velocity vector plots at planes created at distance of 

(a)x=0.7m,(b)x=1.11m,(c)x=1.22m,(d)x=1.38m

3.3.4 CASE4 

  12(a)       12(b) 

     12(c)                                            12(d) 

Figure 11: Velocity vector plots at planes created at distance of 

(a)x=0.7m,(b)x=1.11m,(c)x=1.22m,(d)x=1.38m

3.4 Velocity distribution plot for 4 different probes located at the front and rear end. 
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For all the cases, probes are created at fixed locations in the wake region and  nearahmed body & 

velocity across Y distance is plotted. This observation and study gives data of how the velocity behaves 

in a graphical manner between two distant probes, their values and can be compared across different 

Cases. It allows for flexibility to export the data and use it for further calculations as well.In Case1, we 

can see the velocity at the front of the Ahmed body increases from 0 to 18m/s and then again decreases 

near the stagnation zone to a velocity of 8m/s and then increasing again. Similar patterns are observed 

with the other 3 in the wake region, but depending on the probe location, the closer the probe to the 

center of the wake region(:1.11m) the lower the velocity has dropped and at later probe locations the 

velocity drop decreases, such that the probe on 1.22m and 1.38m the velocity is not negative. The 

velocity did not drop at the probe location of 1.38 m in the wake region suggesting that no reverse 

vortices are formed.In Case 2, similar velocity profiles can be observed at a finer mesh and this time 

the velocity at the probe location of 1.22m slightly drops to negative velocity and the velocity drop is 

very little in this case for the probe location of 1.38m in the wake region. In Case 3, it is observed that 

the wake region expanded a little with the velocity drop at the first two probe locations(1.11m and 

1.22m) as we can observe the middle and last probe shows nearly same results in this case which wasn’t 

with the above two. Here in this case the velocity drop was quite to a larger extent than the previous 

two case for the probe location at 1.38m, which is not the case in Case 4 where the velocity did not 

dropped for probe at 1.38m which suggests that there is no formation of reverse vortices.In Case 4 the 

velocity drop for probe location at 1.11m and 1.22m did not reached negative value suggesting that the 

pressure is more lower in the wake region than the other three cases. 

(a)CASE1(Base Setup) (b)CASE2(1st Refined Setup)

(c)CASE3(2nd Refined Setup) (d)CASE4(2nd Refined Setup)

Figure 13: Comparison of the velocity distribution with respect to height for 

12(a)CASE1,12(b)CASE2, 12(c)CASE3, 12(a),12(b),12(c): (Hexahedral mesh method for the outer 

enclosure),12(d)CASE4(Polyhedral mesh method for the outer enclosure) 

3.5 Comparison of drift coefficient with other literatures 
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It can be seen from the table 3 that the results for the value of drift coefficient is more or less near to 

those found in other literatures. In the current study for the case 3 the value of the drift coefficient 

closely matches with the findings of Meile et al. (2011), Meile et al. (2016).Recent numerical 

simulations by Guilmineau et al. (2017) for the 25 deg back slant Ahmed body at inlet velocity of 40 

m/s using the EARSM (Explicit Algebraic Reynolds StressModel) based on the k -ω turbulence model 

while their hybrid models -DDES (Delayed Detached Eddy Simulation) and IDDES (Improved Delayed 

Detached Eddy Simulation) gives favorable outcome compared with the experimental results. The data 

found by Bayraktaret al. (2001) at Reynolds numbers, Re=4.29·106 are quite similar to those of Ahmed 

et al.(1984)at the corresponding Reynolds number. Bayraktaret al. (2001)carried out various 

measurements for free stream velocity ranging from 10 m/s to 40 m/s while the present study was 

simulated with inlet free stream velocity at 25m/s and at Reynolds Number, Re =2.78·106.Figure 14 

shows the comparison of the values of CD for the present simulation with the experimental datas of 

Bayraktaret al. (2001). It can be seen from the Figure 8 that Case 3 has generated the most similar value 

with the experimental data of drift coefficient which suggests with proper refinement and increased 

mesh count, it gives accurate results. A wide range of values for the drag coefficients has been reported 

in previous published literature, and the variation in the experimental values can be related to the type 

of wind tunnel (open or closed), turbulence intensity, inlet velocity, surface roughness etc. In the 

numerical CFD simulations, this variation can be attributed to the spatial resolution, numerical 

formulation or the Case setup, and turbulence model used. 

Figure 14: Comparison between the data’s of CD (drift coefficient) for the present simulations with 

the experimental data’s at Reynold’s Number, Re=2.78·106 and slant angle ϕ = 25° 

Table 3: Comparison of the time-averaged force coefficients with previous studies for the 25° back 

slant Ahmed body at zero yaw angle at specified inlet velocities 

Literature Review Drift 

Coefficient,Cd 

Meile et al. (2011), Inlet velocity =40m/s 0.299 

Meile et al. (2016), Inlet velocity =40m/s 0.2964 

Thacker et al. (2012), Inlet velocity =40m/s 0.3840 

Rossitto et al. (2016b), Inlet velocity =40m/s 0.356 

Guilmineau et al. (2017)-IDDES, Inlet velocity =40m/s 0.3802 
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Guilmineau et al. (2017)-DDES, Inlet velocity =40m/s 0.4371 

Current study Case 1(Base Setup,Hexahedral mesh method), Inlet velocity =25m/s 0.49 

Current study Case 2(1st Refined setup,Hexahedral mesh method), Inlet velocity 

=25m/s 

0.42 

Current study Case 3(2nd Refined setup, Hexahedral mesh method), Inlet velocity 

=25m/s 

0.28 

Current study Case 4(2nd Refined setup, Polyhedral mesh method),Inlet velocity = 

25m/s 

0.33 

4. Conclusion

The grid dependency test allows us to see smoother velocity profile. As we make the mesh fineries. 

when we increase the cell counts (closer to the limit), we can see from the vector plots from all the 3 

cases, of the velocity that it becomes more and more smoother. One thing is observable that making the 

mesh finer lets us see the wake region more prominent. From the 3 cases, we can conclude that the flow 

is more defined at lower element size i.e. at case 3. The finer the mesh gets, the easier it gets in 

visualizing the contours. We can observe from the contour plots and with the drift coefficient value that 

the most refined mesh yielded results close to experimental values. Mesh refinement increases the 

closeness of the resulting values to the true values. It was seen that discretization of the computational 

domain with polyhedral mesh makes the convergence achieved faster and yielded greater resolutions 

with lesser cell count. From above observations, we conclude that Grid is independent but there is some 

margin of error which can be caused by a number of other simulation parameters, for example, the 

turbulence model chosen for this simulation is not the best one for it. Local refinement of the enclosure 

is a great tool for performing analysis and it improved the results without which wouldn’t have been so 

accurate and cleared grid dependency in fluent. This study for all practical purposes gives a great real-

world scenario of aerodynamic impact on a car body, which when improved can help overcome many 

challenges faced by automobile. 
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Abstract 

Understanding the flow dynamics around the hydraulic structure caused by complex junction flow is still a 

major challenge. In order to gain a better understanding of the effect of junction flow and its interaction with 

structures like circular pier, numerical investigations were conducted at 45𝑜 and 90𝑜channel confluences with

discordance bed under different conditions. Numerical model was applied to solve three-dimensional RANS 

equation with RNG 𝑘 − 𝜀 turbulence closure using the finite volume CFD (SSIIM) model. The fix-lid approach 

was adopted to capture the air water interface at free surface. Numerical model was validated against results 

with literature finding. The present study revealed that several parameters like the channel geometry, the 

hydraulic parameters and presence of structure influence the hydrodynamics of river confluence. The results 

indicate that the circular pier caused backwater rise by 28% compared to the mixing flow cause at the upstream 

of main channel for 90𝑜 confluence. The present study demonstrate that the separation zone occurs at the

downstream corner of the confluence for all flow ratios and attains its minimum value with  45𝑜 in contrast to

90
o 

confluence. It is stated that the geometry of the separation zone is function of flow ratio and junction angle. 

It was noticed that the flow structures and water surface elevation are significantly changed by the circular pier, 

does not follow the common flow patterns of confluence owing to presence of the pier. 

Keywords: Channel confluence; Numerical modeling; SSIIM; Circular pier. 

1. Introduction

River confluence is one among the key features of every fluvial network and a few hydraulic 

structures, in which the flow is extremely complex due to critical and rapid changes related to flow 

dynamics, sediment transport, and geomorphology. Therefore, understanding such system may be a 

fundamental topic in river networks. The discordance bed along with the confluence angle, the bank-

attached bar and the flow deflection zone greatly influences the dynamics of the river confluence. 

Hydrodynamics in large-scale rivers is typically complicated and hardly predictable, particularly with 

the occurrence of sandbars and hydraulic structures (Parsons et al. 2007). Construction of hydraulic 

structures on a river create a robust perturbation of fluvial dynamics altering the flow patterns near the 

obstruction and the natural cycle of stream interfering the sediment transportation and deposition 

processes (Duan and Julien 2005). This occurrence has normally been studied in straight channels, 

however, has rarely studied at channel confluence. Understanding the effect of junction flow on 

hydraulic structure at various scales is really significant for scaling-up knowledge of river processes 

and maintaining the steadiness of the flow for further improvement of the downstream in a river 

network. Thus, studying flow dynamics at confluence and its impact on hydraulic structure could help 

in analysing hydrodynamic condition in a river network with intricate planform and bed bathymetry 

(Federici and Paola 2003). 

Flow dynamics at channel confluences are the main focus of intensive research over the past 

several decades, and earlier studies on the hydrodynamics at river confluences have focused on the 

flow structure and feasible elements affecting flow characteristics, such as discharge ratio, confluence 

angle and discordance bed. Many studies based on numerical approach, flume investigation and field 

observation are under taken to elucidate the features of complex flow dynamics in channel 

confluences by (Best 1988; Ramamurthy et al. 1989; Biron et al. 1996; Lane et al. 2000; Bradbrook et 

al. 2001; Rhoads and Sukhodolov 2001; Weber et al.2001; Huang et al. 2002; Ghostine et al. 2010; 

Shakibaeinia 2010; Yang et al. 2013). Experimental observations of the channel bed morphology in 

movable bed confluences revealed that bed configurations of different complexity might develop 

within the confluence and in the post-confluence channel (Best 1988). With understanding the 

importance and influence of the confluence on the process of flow pattern and structures, many 

researchers have put further efforts in quantifying and modeling of the turbulence behaviors in the 
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flow junctions. For example, the significant impact of discordance bed on the flow acceleration, 

sediment transport and bed morphology were observed and studied, in which the physical process and 

turbulence mechanism were analysed and explained by several researchers (De Serres et al. 1999; 

Sukhodolov and Rhoads 2001; Bajestan and Hemmati 2008; Leite et al. 2012). It was suggested by 

Biron et al. (1996) that the discordance bed could be liable in the absence of the separation zone at the 

downstream junction corner and emphasized the role of the shear layer in discordant confluences is 

responsible for the variability of flow in the confluence and the spatial distribution of sediment 

transport rates.  

Due to increasing computer performance, CFD models have become suitable tools to carry 

out flow analysis for various fluvial problems. In the last decade, the numerous computational 

approaches are employed and enormously documented by (Koken and Constantinescu 2008; Azhari  

et al. 2010; Khosronejad et al. 2012; Guemou et al. 2013; Koken et al. 2013; Constantinescu et al. 

2014;   Ghobadian and Basiri 2016) to study more complex and dynamic flow patterns around the 

hydraulic structure. Turbulence and the induced secondary flow round the vertical cylindrical pier has 

been thoroughly investigated both in experimentally (Muzzammil and Gangadhariah 2003; Unger and 

Hager 2007) and numerically (Nagata et al. 2002; Esmaeili et al. 2009). The CFD Sediment 

Simulation in Intakes with Multi-block option (SSIIM) model was applied by (Ghobadian and Basiri 

2016) to evaluate local scour, sedimentation and predicting the effect of bridge pier on flow pattern 

and water surface in a 60𝑜channel confluence. The results revealed that the ability of the model was

relatively good to predict the flow structure and position of the erosion and sedimentation pattern with 

not up to 10% error. It was indicated by (Shakibaeinia et al. 2008) that SSIIM model had better leads 

to calculate the flow dynamics and scour hole in channel confluence. 

Based on the above discussion, it is revealed that valuable studies on various aspects of fluid 

dynamics and sediment patterns at open channel confluence with concordant and discordant bed were 

carried out; however, there is still a gap in research addressing the impact of junction flow on a fixed 

object such as hydraulic structure. Therefore, understanding the flow dynamics caused by interaction 

between junction flow, and the exposed structure needs to be considered in future research. Based on 

the current research need, this article presents numerical investigations of flow dynamics following 

the influence of junction flow on the downstream structure and examines the model’s ability for 

simulation of different flow attributes around the circular pier under various conditions. The present 

study uses the last edition of SSIIM2.0, which is a three-dimensional numerical model based on 

Reynolds Averaged Navier–Stokes Equations developed by (Oselen 2006).  

2. Numerical Models

2.1. Governing Equations 

In the present study, the results of SSIIM2.0 model are based on finite volume discretization of 

Reynolds Averaged Navier-Stokes (RANS) equations with the second order upwind scheme. For 

determination of fluxes and pressure coupling the SIMPLE method and the Power-law scheme is 

used, respectively, and an implicit solver is utilized to produce velocity field in the geometry with a 

structural grid. General form of 3D governing continuity and momentum equations (𝑖 =
1, 2 and 3) may be written as: 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0  (1) 

𝜌 (
𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
) = 𝐵𝑖 −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜇𝑡) (

𝜕𝑢𝑖

𝜕𝑥𝑖
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)]  (2) 

where 𝑢𝑖 is the ensemble average flow velocity; 𝑝 is the ensemble averaged fluid pressure; 𝜌 is the

density of water; 𝐵 is volumetric force, 𝜇 is the fluid dynamic viscosity; 𝜇𝑡 is the turbulence eddy

viscosity, 𝑡  is the time and 𝑥 is general space dimension. The transport equations for 𝜅 − 𝜀 model in 

generalized Cartesian coordinates as follows: 
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𝜌 (
𝜕𝜅

𝜕𝑡
+ 𝑢𝑗

𝜕𝜅

𝜕𝑥𝑗
) =

𝜕

𝜕𝑥𝑗
(𝜇 +

𝜇𝑡

𝜎𝜅

𝜕𝜅

𝜕𝑥𝑗
) + 2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 − 𝜌𝜀  (3) 

𝜌 (
𝜕𝜀

𝜕𝑡
+ 𝑢𝑗

𝜕𝜀

𝜕𝑥𝑗
) =

𝜕

𝜕𝑥𝑗
(𝜇 +

𝜇𝑡

𝜎𝜀

𝜕𝜀

𝜕𝑥𝑗
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𝜀

𝜅
2𝜇𝑡𝑆𝑖𝑗𝑆𝑖𝑗 − 𝐶2𝜌

𝜀2

𝜅
−

𝐶𝜇𝜂3[1 − (
𝜂

𝜂0
⁄ )]

1 + 𝛽𝜂3

𝜀2

𝜅
 (4) 

𝜂 = 𝑆
𝜅

𝜀
 (5) 

where 𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗  , 𝑆𝑖,𝑗 = 1
2⁄ (𝑢𝑖,𝑗 + 𝑢𝑗,𝑖) ;  𝜂0 is fixed point for homogeneously strain turbulent

flow (= 4.8);    𝜂  is the ratio of time-scale of turbulent strain to that of mean strain; 𝛽 =
0.12; 𝐶1and 𝐶2 are empirical coefficients; and 𝑆𝑖𝑗 is the element of strain tensor. Thus, when the mean

strain is weak (𝜂 → 0), the extra production term is small; however, when mean strain is strong 

(𝜂 → strong), the extra production term leads to an increase in turbulent dissipation. This resulted in 

a decrease in eddy viscosity and therefore reduces momentum in the mean flow. In two-equation 

models, turbulent eddy viscosity is unknown; hence, it can be expressed by Kolmogorov-Prandtl 

equation as: 

𝜇𝑡 = 𝐶𝜇𝜌
𝜅2

𝜀
 (6) 

where 𝐶𝜇 is the closure coefficient in the 𝜅 − 𝜀 turbulence model that has standard value of 0.0845. In

this study, RNG form of 𝜅 − 𝜀 turbulence model is practiced and standard values of constants used in 

Eq. (3, 4) are 𝐶1 = 1.42, 𝐶2 = 1.68 and 𝜎𝑘 = 𝜎𝜀 = 0.85. Here, 𝜎𝜅 is the turbulent Prandtl number for

turbulence kinetic energy and 𝜎𝜀 is the turbulent Prandtl number for dissipation rate of turbulence

kinetic energy. 

2.2. Boundary Condition and domain 

The initial condition is defined by designating the input flow rate as channel inlet boundary conditions 

for both the main and tributary channels depending on the confluence angle and discharge ratios. The 

side and bottom are specified as walls and the top and downstream boundaries as pressure outlets. At 

the farthest outlet a fixed water depth is taken into account, and other variables are extrapolated from 

interior solution domain. The free surface is computed using the fixed lid approach with zero 

gradients for all variables, and location of fixed-lid is updated using the computed pressure field. 

Pressure near the surface was assumed to be hydrostatic due to the deflection of the water surface 

from the fixed-lid to predict the new water surface location within the position of iteration (Nagata et 

al. 2002). The total number of nodes and elements generated in the numerical model was 976278 and 

1246707, respectively, with spacing of 0.01 in x-direction and 0.005 m in y-directions. Figure 1 shows 

a 2D view of the grid for 45
o
 and 90

o
 confluences. For the area around the flow mixing points, where 

large variation in flow and water surface takes place a finer mesh was used while in further upstream 

and downstream section a coarse mesh was deployed. Data specifications for numerical studies at 

discordance confluence are represented in Table 1. 
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Figure1 Plan view of the numerical mesh for whole domain in (a) 45 degree, (b) 90 degree channel 

confluence 

Table 1 Geometric and hydraulic parameters of confluence in this study 

Here, 𝐻𝑑= flow depth at the downstream of main channel, ∆𝑧 = difference in bed   level, 𝛼 =

 confluence angle, D = diameter of circular pier, 𝐵𝑚and 𝐵𝑡 are the width of main channel and

tributary respectively, 𝑈  is the downstream bulk velocity, 𝐹𝑟 is flow Froude number and  𝑅𝑒 is flow 

Reynolds number at downstream of main channel, 𝑅𝑒𝐷 is pier Reynolds number, 𝑄𝑟 is the flow ratio,

𝑄𝑡 is flow rate in tributary and 𝑄𝑑 is flow rate in downstream main branch channel. Non-dimensional

parameters are calculated based on downstream mean velocity 𝑈. 

3. Results and discussion

3.1. Validation of the Velocity fields around circular pier 

In this research, to validate the model results, the available experimental data of (Nogueira et al. 2008; 

Sato and Kobayashi 2012) is used for this flow configuration. The numerical model of the combining 

main channel geometry is interpreted for validation. Figure 2 shows the comparative analysis between 

simulation and experiments velocity profiles at 9.75D and 12D (𝐷 = 0.09m) upstream of the vertical 

circular pier in the symmetry plane are evaluated and compared  (𝑅2 =

0.938 and 0.942) respectively. Comparison results showed that the model predicted longitudinal 

velocity with 96% accuracy; further, it confirms that the fix-lid approach does not affect the velocity 

profile too much, near the upper boundary. The results assessed from the numerical model study 

matched reasonably well with the measurements and results of (Nogueira et al. 2008; Sato and 

Kobayashi 2012). It is indicated that the model can be applied for prediction of flow pattern around 

circular pier in river confluences with good accuracy. 

𝐵𝑚

(𝑚) 

𝐵𝑡

(𝑚) 

∆𝑧 

(𝑚) 

𝛼 

(𝑑𝑒𝑔𝑟𝑒𝑒) 

𝐻𝑑

(m) 

𝐷 

(𝑚) 

𝑈 

(m/s) 

𝑄𝑟

= 𝑄𝑡 𝑄𝑑⁄
𝐹𝑟 𝑅𝑒 𝑅𝑒𝐷

0.90 0.60 0.08 45, 90 0.165 0.09 0.835 0.37, 0.50, 

0.63 

0.656 1.4
× 105

0.75
× 105
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Figure 2 Comparison of approaching velocity profiles at location 9.75D and 12D upstream of    the 

pier in the symmetry plane 

3.2. Water surface profiles 

Figure 3 illustrates the flow evolutions around circular pier and on the confluence zone 

at 45𝑜 and  90𝑜channel confluence with discordance bed for three unit flow condition (𝑄𝑟 =
0.37, 0.50 and 0.63). It is stated that the important factors such as the impact of flow on the pier, 

radial pressure gradient induced by the tributary flow, flow deflection in the main channel and 

backwater with accumulation separation at flow junctions may cause a substantial alteration in water 

level. In this study, the maximum water levels hmax (afflux), at the upstream confluence or beginning 

of the tributary channel and at the upstream of the circular pier; similarly minimum water levels 

hmin(depression), at the downstream confluence and at the downstream circular pier along the 

deflection flow line for two different confluence angles are considered as two main aspects of water 

elevation in the confluence. The maximum and the minimum water height hmax and hmin increase and 

decrease when the confluence angles are higher. At downstream confluence corner, water surface 

exhibited hmin for an additional low pressure zone, which is caused by abrupt changes in bed elevation 

between two confluent channels and tributary flow direction. The simulation results identified that the 

difference between hmax and hmin is insignificant in 45𝑜 angled channel confluence and is about 6%

slighter relative to downstream water depth (𝐻)𝑑. At L =18D and L = 12D, the maximum variation in

free surface is found and this corresponds to a value of ∆ℎ = 3.39 mm, where, L is the shape length of 

the pier. 

The present study shows the occurrence of variable flow regimes in consequence of unsteady 

Froude numbers e.g. subcritical (𝐹𝑟 < 1) on the upstream of the main channel and trans-

critical (0.78 < 𝐹𝑟 < 1) on the confluence zone, whereas supercritical condition (𝐹𝑟 > 1) is ensued 

in the tributary. These changes in flow regimes resulted in hydraulic jump at the mouth in the 

transition between the tributary and main channel induces a higher perturbation in the main flow and 

reduces the velocity of the tributary flow before it enters the main channel. Thus, the tributary inflow 

induced a lower head loss in the main flow with α = 90° in contrast with α = 45°, in which no 

hydraulic jump occurred. The presence of the discordance bed causes the flow features in the jump 

complicated, because the jet of water at the tributary mouth fluctuates from the bed to free-surface 

with an irregular period. Such behaviour of the mixing flow is usually expected when a shallow lateral 

free-surface jet enters a deep channel (De Serres et al. 1999). Here, it was seen that the tributary acts 

as an obstruction to the main flow causing an increase of pressure in the upstream side of the 

confluence, noticeable by the backwater rise. Reduction of effective width of main channel in 

presence of pier caused backwater rise at upstream section of the pier. Comparing the water surface 

elevation formed by mixing flow in the main channel and the presence of circular pier showed that 

pier caused 28% backwater rise at x = 3.00m. Immediately downstream of the drop at the discordant 

bed, a small zone of increased water surface elevation (afflux) is observed at 𝑥 ≈ 1.4𝑚  (Figure 3), 

and may be attributed to fluid upwelling.  
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Another important factor in evaluating flow features in open channel junctions is width ratio 
(𝐵𝑟 = 𝐵𝑡 𝐵𝑚⁄ ). The effect of the width ratio on the water surface fluctuation is considerable only at

higher discharge in the tributary i.e. at lower width. The higher velocity of the flow propagated from 

the tributary over the discordance bed at the entrance into the main channel enhanced the turbulence 

and circulation in the post-confluence zone. Downstream of the confluence, the deflection of flow at 

the outer edge of the pier is very prominent. The results show that the flow structures are significantly 

changed by the circular pier and wake vortex generated behind the pier are usually recognized from 

small-scale eddies on the water surface that increases with an increase in confluence angle and 

decrease with width ratio, and dissipates as they move downstream. It is understood that the free-

surface drop behind the pier has a significant effect on the recirculation zone length and magnitude. 

This drop is due to the pressure decrease behind the pier as a direct result of the strong recirculation 

zone. In this analysis, the wake flow is specified as turbulent according to Reynolds number computed 

based on pier diameter [𝑅𝑒 = 𝜌𝑣𝐷 𝜇⁄ ] which is equal to 0.75× 10
5
. It is seen that the pressure and 

water level decreases in the wake region owing to circulation, however, the water level increases 

gradually away from the pier until it reaches the flow depth not influenced by the pier. Kara et al. 

(2015) commented that, due to the complex free-surface interaction around the structure, the predicted 

turbulence behaviours were also markedly different. 

Figure 3 Discordance water surface profiles 

3.3. Streamlines 

Figure 4 shows the streamwise components of the flow velocity lines from the CFD simulations on 

the x-y plane at the surface level in the discordant bed confluence with presence of circular pier. The 

streamlines signify that upwelling flow evolves helicoidal cell because of the impinged flow and the 

momentum difference of two confluent channels, which may be recognized to the curvature of the 

mixing layer. It was emphasized by Biron et al. (1996) that the role of the mixing layer in discordant 

confluences is responsible for the variability of flow in the confluence. In the current study(𝐵𝑡 < 𝐵𝑚),

thus the increased flow from the tributary under constant discharge pushes the mixing layer towards 

upstream, and reduces curved mixing layer. As the position of the mixing interface (MI) depends on 

the flow ratios and the angular orientation of the tributary channel with respect to the alignment of the 

main channel. Changes in these factors result in alter in the position of the mixing interface laterally 

across the confluence. The numerical results illustrate that the separation zone occurs at the 

downstream corner of the confluence for all flow ratios and attains its minimum value with  45𝑜 in

contrast to 90
o 

confluence. It is confirmed that the dominant tributary flow expands the dimension of 

separation zone for a specific junction angle, thus leading to more flow contraction. It can be 

concluded from the Figure 4 that as the flow ratio increases the geometry of the separation zone 
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decreases. This is because any increase in the flow rate in the tributary, there will be a corresponding 

increment in flow velocity and in momentum, but reduction of these in the main channels. It was 

examined numerically at 90 degree channel confluence that the geometry of the separation zone varies 

gradually from bed to surface along flow depth as shown in Figure 5. The value of shape indices (i.e. 

the ratio of width to the length of the separation zone) close to water surface is nearly equal to 0.25 

and 0.48 at 45𝑜and 90𝑜 channel confluence respectively for Qr = 0.50. This feature is magnified with

a reduction in the discharge ratio Qr. Rhoads and Sukhodolov (2001); reported that the development 

of streamwise oriented vortical (SOV) cells on one or either side of the mixing interface (MI) are 

normally observed in the confluence regions with concordant beds. However, confluences with 

discordant beds the effects of discordance can disrupt the development of SOV cells and separation 

zone (Biron et al. 1996; De Serres et al. 1999; Leite et al. 2012). The SOV cells forming near the 

mixing interface are affecting momentum and mass exchange between the two streams. 

Figure 4 Streamline for three different discharge ratios at 45 and 90 degree channel confluence 

Figure 5 Flow separation at 90 degree channel confluence for equal flow rate 

The results demonstrate the presence and complex dynamics of spiral upwelling vortices together with 

the relative kinetic energy shows the existence of the wake vortex system behind the pier. Since flow 

depth behind the pier is less, therefore, the bed friction significantly affects the wake structure. As the 
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ratio between the transversal dimension of the pier (𝐷 = 0.09 m)and the channel width(𝐵𝑚 =
0.90 m) are smaller than 0.15 minimizing the blockage effect of the pier. The magnitude of the wake 

vorticity in the vertical direction (𝜔𝑧 = 𝜕𝑢𝑦 𝜕𝑥⁄ − 𝜕𝑢𝑥 𝜕𝑦⁄  ) is computed and compared for all

simulation consequences, in which 𝜔𝑧 is the vorticity in the vertical direction, 𝑢𝑥 is the velocity

component in x-direction and 𝑢𝑦 is the velocity component in the y-direction. It is stated that vorticity

strength is a function of junction angle and flow ratios. The magnitude of the strength of wake vortex 

attained at 90° channel confluence is about 26% of mean downstream velocity (= 0.835 m/s), and is 

8% compared to the wake strength attained in 45𝑜 channel confluence for similar flow rate. The

dynamics of the vortices formed follow the similar trend as usual cases for flow around the circular 

pier in straight channel reported by (Kirkil et al. 2009) with somewhat smaller magnitude. The 

novelty of this research is that the length of the turbulent wake is not influenced by the length of the 

pier in the flow direction and no vortex shedding was observed in this computation. 

3.4 Patterns of Secondary Flow 

The confluent channels undergo a gradually larger deflection concerning the flow direction in the 

post-confluence channel. Usually, the structure of secondary flow is assessed by exploring velocity 

vectors 𝑉(�̅�, �̅�)) signify secondary flows that are formed immediately after mixing point in the post 

confluence channel (Rhoads and Sukhodolov 2001). This may be strengthened by examining patterns 

of mean streamwise velocity, which may designate secondary flows in upwelling and downwelling 

zones (Smith and Foster 2005). This section presents a laboratory study of secondary flow features 

when tributary becomes progressively leading into a 90° confluence with disconcordant bed. The 

main purpose of this study is to examine the consequences of interaction between junction flow and 

circular pier on secondary flow. To illustrate the flow patterns, Figure 6 presents a plot of the time-

averaged velocity at the interface between the confluence zone and upstream face of the circular pier 

(𝐿 = 8.5D and 11.75D) where L is the length of pier shape. At location  L = 8.5D, one circulation 

cell encloses the entire cross section area and its flow direction is from the left bank to right bank in 

the water surface and from the right bank to left bank near the channel bed. Whereas at position L =  

11.75D, the flow direction near water surface is from the right bank to left bank due to presence of the 

circular pier and contours of downstream velocity at this cross section shown due to backwater rising. 

It is noticed that centre of the circular cell appeared in the middle of the flow depth towards the right 

bank that happen due to the presence of the circular pier. The results indicated that an effect of 

confluence angle and discharge leads to more distinguishable helical cell in confluence. Although 

these results qualitatively agree with previous findings in natural confluences however, are absolutely 

different from common secondary flow in open channel confluence without fixed structure. 

Figure 6 Effect of bridge pier on secondary flow pattern and contours of velocity 
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Conclusions 

In this work, computational investigation is done to understand the flow aspects due to the impact of 

junction flow on the hydraulic structure. Numerical method was applied to solve 3D RANS equation 

closed with 𝑘 − 𝜀 turbulence model using SSIIM. The fix-lid approach was employed to trace the 

evolution of the free surface. The results showed that several factors like width ratio, confluence 

angle, discharge ratio and bed discordance influence flow dynamics round the circular pier. According 

to the results obtained during this study, it had been concluded that SSIIM may be a capable model for 

simulation of various flow attributes with the presence of circular pier at different channel geometry 

and flow parameters as well. For this purpose, the results of numerical model are compared with the 

experimental data available in the literature.  

Based on the predicted data the subsequent conclusions are often drawn from this study: 

1. Results showed that Froude number of branch channels (𝐹𝑟), discharge ratios (𝑄𝑟), the confluence

angles (𝛼) and bed discordance play important role in water level instability and flow characteristics.

Simulate results indicated that the difference between maximum and minimum water level is

insignificant in 45𝑜 channel confluence in contrast to 90𝑜 confluence.The variation in water surfaces

fluctuation depended on discharge ratios and is considerable only at lower tributary channel width.

The results specify that the circular pier caused 28% backwater rise relate to the mixing flow at the

upstream of main channel for 90𝑜 confluence.

2. The results illustrate the spiral flow strength and the flow structures in the main channel are

considerably influenced by the tributary flow and are amplified by higher junction angles and

discharge ratios. It is found that the wake strength achieved at 90° confluence is about 8% of the wake

strength attained at 45𝑜channel confluence for similar flow rate. It was seen that the length of the

turbulent wake is not influenced by the length of the pier in the flow direction and in the pier’s wake

reverse flow does not prevails.

3. The present study demonstrate that the separation zone happens at the downstream corner of the

confluence for all flow ratios and attains its minimum value with  45𝑜 in contrast to 90
o 
confluence. It

is stated that the geometry of the separation zone is function of flow ratio and junction angle. It was

noticed that the flow structures and water surface elevation are significantly changed by the circular

pier, does not follow the common flow patterns of confluence owing to presence of the pier.

4. The results from this study have indicated that the ability of application of the model in practice

predicting the flow dynamics and the water surface profiles under various conditions is completely

possible. Therefore, the model may provide a possible tool for wider and more flexible field-scale

applications. It is recommended that the effect of one pier to another should be studied thoroughly,

and additional analyses are needed to verify more advanced features of the software.
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Abstract 

The complex hydrogeological situations in open pit and underground mines is a constant threat to the mining 
operations and environment. Simulations of open pit mine dewatering, water rebound problems, pollutant 
transport and their environmental impacts are needed to be assessed. Accumulation of rainfall and runoff in case 
of open mines can make working conditions more difficult. Also, water flow, uplift pressure and piping can lead 
to the slope failure and excessive flow of water into the pits can lead to flooding. To estimate the impact of 
environmental risks during and after the mine closure, a numerical model is needed which rely on the appropriate 
study of the hydrogeological system of the mines. Despite of having several limitations, the groundwater flow 
models shows the most appropriate results where classical approach fails to do so. However, periodical 
verification based on latest data and aquifer parameters is always required. The main aim of a numerical model is 
to provide a clear picture of the water flow dynamics in the mine pit. The objectives of a numerical 
hydrogeological model is to investigate the hydrodynamic parameters i.e. flow regimes, water velocity in the 
aquifer strata and discharge volumes. This paper reviewed some specific features and problems of numerical 
modelling application in mine hydrogeology. 

Keywords: Groundwater modelling, Mining, MODFLOW, Dewatering. 

1. Introduction

Mining industry plays a vital role in the development of any country. But it also contributes towards the 
deterioration of environment, water and land. Amongst them, the water related problems are the most 
decisive aspect for the development of a new mine. Open cut coal mining is widely practised in different 
parts of the world namely China, Australia, USA, South Africa and Europe. It creates changes in the 
landscape and disturbances in the subsurface conditions. Most of the open cut mines cut the water table 
and creates a substantial catchment for the precipitation and runoff. Noise and dust issues are the other 
major problems caused by the mining activities. Disposal of waste rock, solid waste, overburden dump, 
discarded materials and sub grade ores during mining activities contaminate the groundwater and 
surface water quality during the process of runoff. Surface runoff generated from these waste materials 
may deteriorate the quality of adjacent water bodies. Groundwater is polluting day by day because of 
the surface as well as underground mining activities. Both the active and abandoned mines may have a 
very bad impact on the environment especially on the surface and groundwater. Accumulation of 
groundwater into the mine pits can create problem in mining activities. Apart from groundwater, uplift 
pressure, piping and water flow are the other major issues that can make working conditions more 
difficult. High pressure may lead to the disintegration of side slopes and overburden dump. Excessive 
flow into the mine pits may also lead to the flooding of pit. 

A very well known strategy to evaluate and predict the hydrological issues in mining areas is to 
construct a numerical model. These models include relevant informations related to hydrogeological 
parameters and appropriate flow dynamics to solve the concerned governing equations of the present 
system. Modelling a groundwater flow in mining areas is very challenging job because of the 
complexity of the flow process in the voids that differ from those encountered in the classical porous 
aquifers case where Darcy’s law is easily applicable. 

The most widely used numerical modelling techniques are the “finite element” method and the “finite 
difference” method. Each method has its advantages and drawbacks. Depending on the real world 
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problems and the required objectives of the system, the best modelling approach can be chosen. While 
choosing the modelling methods, one needs to take care of the other factors also like initial and boundary 
conditions, time and space discretisation, and availability of the data. 

Prediction of drawdown and seepage rates is required for the safe and economic development of mine. 
These predictions can be done by using softwares like MODFLOW (McDonald and Harbaugh 1988)-a 
three-dimensional numerical finite difference groundwater flow model that works on the assumption of 
equivalent porous medium (EPM) for water flow in rocks. Justifying this assumption and obtaining 
required hydraulic properties of soil and rock constitutes a very challenging task for the modellers. 
Another problem that encounters during the modelling is to simulate seepage rates in the underground 
mines. 

The most popular software used in the mine hydrogeology is MODFLOW. However there are many 
challenges that may encounter during the modelling in mining areas. Singh and Reed et al. 1988 
explained the empirical and analytical methods for simulating surface water flow into a mine. Toran 
and Bradbury et al. 1988 used a groundwater flow model to test its ability to predict the impact of 
underground mining on the ground water system. Drain package was used to simulate dewatering 
process. The drain option gives various options for the dewatering rate and “turns off” automatically 
once the groundwater level goes below the drain level. However, the drain package can create problem 
if appropriate grid spacing is not assigned during the model calibration (Zaid et al. 2010). Water rebound 
problems in the abandoned mines is another complex situation that need to be modelled (Luo et al. 
2012, Flakova et al. 2012, Ondrejkova et al. 2013,Hiller et al. 2012, Moldovan et al. 2008, Brown et al. 
1998). Flow in open mines are turbulent in nature that makes classical modelling approaches 
inappropriate for the prediction of groundwater rebound (Adams and Younger et al. 2001). Three 
different case studies regarding the mine dewatering and rebound problems are discussed by Rapantova 
et al. 2007. Flow of water in mines having tectonic faults also needed to model. A fault can sometimes 
act as a preferential path for the water or also can act as a barrier to ground water flow. Faults can be 
simulated in MODFLOW with the horizontal flow barrier package (HFB) but it does not allow vertical 
flow simulation within the faults (Hsieh and Freckleton 1993). 

Numerical modelling techniques allow the prediction of mine dewatering as well as the water rebound 
problems with greater accuracy and efficiency than the classical approaches. They can evaluate the 
impact of dewatering on surface and sub-surface water, soil, land, water intakes, farmlands, flora, 
farmlands etc. Since the beginning of its applications, modelling methods are always proved very 
reliable in mining hydrogeology and are well known as the most accurate and demanding methods in 
mine hydrogeology. Both dewatering and water rebound problems should be solved in transient 
conditions as they always changes in space and time. 

1.1 A brief history in regional groundwater flow modelling 

Open cut mine is practiced in many parts of the world including Europe, USA, India, China, Australia 
etc. Also India is one of the largest coal producing country in the world. Open cut operations intersect 
the natural water table and can create a substantial catchment for rainfall and runoff. Similar problems 
can also appear if a mine is located near or adjacent to a water body, it might be a river, pond, reservoir 
etc. There are several other parameters also that contribute towards the augmentation of water 
accumulation in the pit, like precipitation, surface runoff etc. Also seepage from local water body or 
aquifer can also contribute in the water accumulation. The main issue which comes in the development 
of new mines is the water related problems hence it is necessary to take care of the aspects like 
environmental issues, mine drainage, dewatering and inflow of mine water. In earlier days the focus of 
concern in the mining areas are hazards but it changes to flooding and environmental impact assessment 
(Szczepinski, 2019). 

At the early stage of research the methods like hydro geological balance and hydro geological analogy 
were used to analyze the inflow of mine water (Chakraborty et al., 2019). Many analytical methods 
were used to do hydrological calculation (Shang et al., 2019). 
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Further observation moves towards the numerical modelling method. These methods were used 
throughout the life cycle. Numerical methods were used for forecasting of the process flooding and 
mine dewatering (Dhakate et al., 2019). This method gives more accurate result in comparison to other 
methods. It can analyze the impact of dewatering on soil, water intakes, surface water dewatering of 
groundwater, farmlands, flora, land subsidence, forest e.t.c. 

Methods of modelling were used in the large scale for mining hydrogeology from the initial stage of 
their application (Kirubakaran et al., 2018). Groundwater modelling is one of the most demanding and 
promising method in mining hydrogeology. As groundwater hydrology and mine dewatering changes 
with respect to space and time it is necessary to solve this issue in transient conditions (Sen et al., 2018). 
It is necessary to update hydro geological parameters and boundary conditions in the area affected by 
the activity of mining work (Xie et al., 2018). 

The study of modelling in mining area covers the area of hydro geochemistry, groundwater interactions 
and groundwater resources (Lee et al., 2017). Many researches were done in the relevant field in recent 
days. The case of extensive monograph on water management related to post mining (flooding) voids 
were appeared; tracer test, mine pit lakes, fundamentals of water management of underground flood 
mine, predictive modelling (Wang, 2016). 

In the Mining industry the flow models of groundwater are used in large scale using finite difference 
method and finite element method for fissured aquifers and Porous aquifers (Lorena, 2016). The 
software’s like MODFLOW and FEFLOW were used in Poland and rest of the world in mining 
hydrology (Manwatkar, 2015). These programs were based on finite element and finite difference 
method[23-26]. The result comes from modelling usually consists of mine water inflow prediction, 
water management and environmental impact. The present conditions of groundwater modelling for 
mines are expressed by sen et al. (Sen et al., 2018). 

Numerical methods were used in each stage, starting from exploration mine decommissioning. This 
method gives the forecast of ground water inflow in mines and impact on Environment because of mine 
drainage. It also helps in the collection analysis of data at every stage and scenario. As the water table 
increases the mining operation is affected. This interception results in flow of water from surrounding 
to mine excavations. Similar problem also occur if the mines located near the water body like flowing 
river, pond etc (Booth et al., 2002). 

2. Numerical Modelling

2.1 Application of modelling in mining hydrogeology: 

In the mining industry hydro geological numerical models plays a significant role using the two popular 
methods namely finite difference method and finite element method. The MODFLOW software which 
is based on finite difference method and the FEFLOW software which is based on the finite element 
software are the most widely used software’s in the mining industry (Zhao et al., 2019). 

2.2 Numerical modelling: 

Numerical modelling should be able to resolve two issues: 
i) Flow pattern of groundwater.
ii) The actual concentration of mine water.
The numerical modelling must be in such a manner that it can be able to collect the necessary data to
prepare conceptual model and verify appropriate software accordingly (Sen et al., 2018).

2.3 Development of groundwater numerical model: 
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It is necessary to understand the procedure involved in groundwater flow modelling from initial stages 
to the final result interpretation (Martinez et al., 2010). The basic steps involved in developing 
groundwater flow models using software are shown in Fig.1. 

Figure 1 Stepwise Methodology for Groundwater Model Development 

2.3.1 Modelling objectives 

The objective of the hydrogeological modelling is to produce a model that represents a clear interaction 
between the regional groundwater regime and the aquifers boundary. The other major objective is to 
predict the changes in the dynamics of groundwater and surface water and to identify the potential areas 
where groundwater is more prone to risks. 

2.3.2 Review of data 

The collected data will be reviewed by field investigation and desktop assessment and analysing 
previous hydrogeological scenarios including laboratory experimentations. The verified data can be 
further used as an input in the initial development of the hydrogeological 
model. 

2.3.3 Model selection 

Based on the demand of the study, the model will be selected. There are two methods namely finite 
difference method and finite element method. The MODFLOW software which is based on finite 
difference method and the FEFLOW software which is based on the finite element software are the 
most widely used software’s in the mining industry. 

2.3.4 Calibration and Validation 
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The hydrogeological model will be calibrated between the observed and the calculated aquifer 
properties to produce the best result between the simulated and the observed fluxes. Validation will be 
done by adjusting the observed parameters to fit it in the model. 

2.3.5 Sensitivity Analysis 

Sensitivity analysis is done by choosing the most sensible parameter from all the parameters. After the 
success of calibration, sensitivity analysis will be done for various  parameters like rainfall, specific 
storage, aquifer boundaries and hydraulic conductivities (Zhao et al., 2019). 

3. Conclusions

It was observed from the review that there is an increase in abandoned and flooded mines which 
represents modelling groundwater flow in mining areas challenging problem and it is creating a huge 
impact on environment. We have to deal with many complex hydro geological conditions such as water 
pollution, flooding mine dewatering etc. It is needed to do the groundwater modelling which can deal 
with the different types of flow conditions. Numerical modelling can be used at the initial stages and 
the limitation of the code should be taken in concern as the mining nature changes with the time. Hence 
the basic guidelines should be taken care when the mines are selected for modelling. There are two 
popular methods namely Finite Element Method and Finite Element Method that are extensively used 
in the mining industry. The software’s like MODFLOW and FEFLOW showed a very strong research 
potential for the future modelling in mining areas. It is also noticed that the Asian countries and Middle 
East are using the Numerical modelling software’s more than other countries. The review literature 
shows that these methodologies can be adopted by other countries having the similar hydro geological 
scenarios. Even though groundwater flow models used in mining hydrogeology have numerous 
limitations related to the uncertainty of the parameters and boundary conditions, they still provide the 
most comprehensive information concerning the mine dewatering system and its environmental impact 
at the time when they are developed. However, they will always require periodical verification based 
on new information on the actual response of the aquifer system to the mine drainage and the actual 
climate conditions, as well as up-to-date schedules of deposit extraction and mine closure. Numerical 
modelling used in mining hydrogeology needs a lot of experience, not only in hydrogeology but also in 
mining operations and other activities related to mining industry in the neighboring areas. Modeler must 
take care of the various issues like environmental impacts, specific hydro geological properties and do 
the modelling with appropriate knowledge and manner. 
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Abstract 

Due to the accuracy of numerical calculation of fluid flow inside a hydro cyclone can be obtained using 

Computational Fluid Dynamics (CFD), highly modified super computers are used to simulate the fluid flow and 

track particle motion inside a hydro cyclone. This paper deals with the numerical study using three multiphase 

models viz. Volume of fluid, Mixture and Eulerian model. The dimensions of the hydrocyclone taken into 

consideration for numerical analysis are same as considered by Rajamani. Validation of axial and tangential 

velocities at different strategically decided axial stations, RMS axial and tangential velocity profiles of the hydro 

cyclone is done using Reynolds Stress Model (RSM). The hydro cyclone model has been designed in Creo 3.0 

using the same dimensions which later was imported to CFD for meshing. Fine hexagonal mesh numbering up to 

5 lacs were constructed to obtain optimum results. Fluid flow was allowed to be developed in ANSYS FLUENT 

16.2. Entire simulation took 96 hours to generate results and track particle movements inside the hydro cyclone. 

The particle tracking has been done using three multiphase model. The first being the volume of fluid was used 

for validation purposes and the comparison of the Mixture and Eulerian model are the basic focus of this research 

work. Conclusive results indicate that usage of different multiphase model does not result in variation in particle 

motion. The slight variation in grade efficiency values is hardly noticeable. The Mixture model and Eulerian 

model predict lower separation efficiency as compared with Volume of fluid multiphase model. 

Keywords: RSM, LES, DNS, Simulation/Numerical investigation, Air-core, Vortex, Grade efficiency 

1. Introduction

A hydro cyclone is compact static mechanical structure whore geometry is similar to cylinder incident 

perpendicularly on a conical structure with small openings at the top and bottom which is technically 

termed as overflow and underflow (Brennan et al., 2007). Another opening is strategically placed at the 

upper cylindrical region so that fluid may enter tangentially and form a vortex inside. Feed enters 

tangentially at high velocity near the top, and the particles follow a spiral path near the vessel wall, 

forming a strong downward vortex. Air is allowed to enter naturally from the overflow and the 

underflow which results in the formation of vortex. Large or heavy solid particles separate to the wall 

because they are not influenced by vortex facing difficulty to follow the tight curve of the stream 

because of it’s too much inertia. Since these large particles cannot follow the high speed spiral motion, 

they are hit inside the side walls of the container and are collected in the collection Hooper. They are 

pushed downward of the cyclone as a slurry or paste. A variable discharge orifice controls the overall 

consistency of the underflow. Most of the liquid particles goes upward by following the stream of the 

vortex and escapes through the central discharge pipe or the vortex finder. Hydro cyclones are effective 

pollution control devices and are often used as pretreatment devices before the flue gas enters. A hydro 

cyclone has no moving parts and it completely takes advantage of naturally formed centrifugal force 

inside for the separation of particles (A. Cilliers, 2000). Air is allowed to enter naturally from the 

overflow and the underflow which results in the formation of vortex. The fluid flow calculations are 

done in a high end super computer using ANSYS software (E. Macdonald, 2007).The dimensions of 

the hydro cyclone are kept same as considered by (Rajamani and Delgadilo 2005) and it has been 
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considered as the basic model in which fluid flow has been determined. The basic model of the hydro 

cyclone has been designed using basic designing software (Creo 3.0) and the simulations were run in 

ANSYS FLUENT 16.2. The anisotropic flow requires a high-end computer to track its movements. The 

velocity of the fluid flow is solved using Navier-Stokes equation. Engineers have been using CFD since 

early 20th century for determining fluid flow trajectories and their velocity profiles which have been 

helping them to constantly modify and adapt changes to the design of a hydro cyclone to full fill their 

need (Rajamani and Delgadilo, 2007). There are various ways of solving the Navier-Stokes equation; 

the most computationally intense yet simplest approach is the Direct Numerical Simulation (DNS) 

method (Doshi and Dyer 2016). For obtaining good results, high mesh number is recommended. In our 

study we have considered 5, 72,000 (5 lacs) number of mesh. Other than DNS method there are Large 

Eddy Simulation (LES), Reynolds Stress Model (RSM) and Renormalized group (RNG K-ε) methods 

also (George G. Chase, University of Akron). We have used RSM approach and Volume of Fluid 

multiphase model in order to validate the simulated result with the experimental values, after which the 

velocity profiles are compared using Mixture and Eulerian model as also used by (Nenu and Yoshide, 

2009). 

2. Methodology

The hydro cyclone is designed using Creo 3.0 using the same geometry as used by (Hsieh and Rajamani, 

1998) and saved in .stp format which is easily recognized in ICEM CFD where it is further imported 

and meshing has been done. The circular inlet as used in (Hsieh and Rajamani, 1998) has been converted 

into a square inlet to simplify the meshing procedure. The cross-sectional area of square having each 

side of 21.02 mm has been calculated in such a so that the total inlet volume is constant in both the 

cases. First few blocks are constructed all over the basic geometry which are subdivided into a number 

of nodes leading to the formation of smaller hexahedral mesh (C. Tian et al., 2018). 

Figure 1: General block formation of a hydrocyclone in ICEM CFD 

The total hydrocyclone has been divided into 5 lacs number of meshes. Along the central axis region, 

the mesh size is very fine to capture the interface of air and water at the vortex finder region (W.E. 

Anderson, 2009).The mesh file is savedin. msh format which can be easily imported in FLUENT for 

further simulation. ANSYS 16.2 has been used for the simulation purpose in this paper. For numerical 

study flow was at first developed inside the hydrocyclone in STEADY state based on single phase 

(water) (Karimi, 2012). The simulation was run till 1800 iterations and then it was changed to transient 

state with multiphase model set as Volume of Fluid. During this stage the Backflow volume fraction of 

the secondary phase (air) at the overflow and underflow was set at 1, which signifies the entry of air 

through the outlet pipes naturally (Murthy and Bhaskar, 2012). Time set being set to 5·10-4, simulation 
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was run till 28000 iteration (2.5 seconds)and the air core was perfectly developed.Figure 2shows the 

air-core formation within a hydrocyclone. Air-core formation from the underflow till the overflow is 

clearly visible from left to right as time elapses (A. T. Stephens, 2009). After the formation of air-core, 

dust particles of density 2700 kg/m2 were injected with particle diameters ranging from 0.5 to 46.9 

microns. Total 12220 number of particles were injected at 2.72 m/sec inlet velocity.Figure 2 shows the 

vector plots and eddy viscosity and other profiles at different planes. The fall of pressure along the 

central axis is observed in Figure 3(d). 

(a)                                                   (b) 

Figure 2: (a) Mesh of hydrocyclone & (b) Close-up look of hydrocyclone mesh 

Figure3 : Formation of air-core in a hydro cyclone 
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

Figure 4: (a) Vortex core, (b) Eddy viscosity at various XY planes, (c) Eddy viscosity at Y plane, (d) 

Pressure at Y plane, (e) Pressure at various XY planes, (f) Vector (equally spaced)at vortex core 

location, (g) Vector (Vertex) at plane Y, (h) Velocity at different XY planes, (i) Velocity at Y plane 
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3. Validation

Before proceeding with the numerical study, the simulated results were compared with the experimental 

values. Validation of experimented result with numerical study plays a major role in further numerical 

purpose. The axial velocity, tangential velocity, RMS axial and RMS tangential velocity and are 

considered for the validation purpose. The velocity profiles are validated at three axial stations viz: 60 

mm, 120 mm and 170 mm from the top respectively. The same base models as used in (Delgadilo2005) 

were validated using the same working conditions and parameters. At first the velocity profiles are 

validated. 

3.1 Velocity profile comparison at different axial stations 

60mm    120mm  170mm 

Figure 5: Velocity profile comparison 

The graphs represented in Figure 5, the upper and lower row represent axial and tangential velocities 

at different axial stations which are 60mm, 120mm and 170mm from the top column wise from left to 

right. The graphs have been standardized for convenience, with the radial distance along the X-axis is 

divided by the radius of the hydro cyclone and the velocity values along the Y-axis is divided by the 

inlet velocity. The circles represent the experimental values while the red dashed line signifies the 

simulated values as obtained from RSM model approach and the multiphase model being Volume of 

fluid. The axial velocity profile as obtained from numerical simulation shows resemblance with the 

experimental values at 60mm and 120mm from the top. The computationally solved values are accurate 

at the inner and as well as the outer vortex region, while at 170mm from the top, the numerically solved 
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prediction slightly shows unrealistic results outer core while promising result along the inner core. For 

tangential velocity, the numerically solved graph agrees with the experimental graphs at all the three 

axial stations. 

3.2 Grade efficiency comparison 

The ratio of the number of particles exhausted through the underflow to the number of particles injected 

through the inlet is known as the grade efficiency. The grade efficiency is determined as to how 

proficiently particles were distinguished according to size and density. The heavier, hence slightly larger 

diameter particles get exhausted and collected through the underflow which results in their collection 

efficiency to almost 90%. Our grade efficiency calculation is based on the number of particles exiting 

through the underflow. 

Figure 6: Grade Efficiency 

The numerical solution slightly overpredicts the separation efficiency for particles ranging between 5 

to 30 microns as shown in Figure 6. For particles having diameters maximum and minimum are 

separated efficiently. The larger particles are discharged through the overflow while the smaller 

particles are exhausted through the overflow. The RSM approach prediction depicts that separation of 

heavy and light particles is done accurately while on the other hand the separation efficiency of mid-

ranged particle sizes is slightly over predicted. 

The velocity profiles at the three axial stations as well as the grade efficiency are validated using RSM 

approach and Volume of fluid as multiphase model. Hence for further numerical study RSM approach 

with Mixture and Eulerian model as multiphase model is used respectively. 
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4. Results and Discussion

The Volume of Fluid has proven to be a reliable source of numerical values for validation.In this section 

the velocity profile, both tangential and axial velocity are compared  On the second part of the paper, 

the main focus of the study is to compare the results obtained from Volume of Fluid multiphase model 

with Eulerian and Mixture model using RSM approach. The results also include comparison of Grade 

Efficiancy for both the models. All other parameters and working conditions are kept constant during 

the simulation using CFD. 

4.1 Velocity profile comparison at different axial stations 

60mm       120mm     170mm 

Figure 7: Velocity profiles for Mixture and Eulerian model 

Figure 7 represents the velocity profiles at the three axial stations which were considered during 

validation. The upper and lower row represent the axial and tangential velocity respectively with the 

axial stations 60mm, 120mm and 170mm (from the top) left to right. The numerically solved values of 

the multiphase models (Eulerian and Mixture) highly under predict the velocity profiles at the inner 

core region. Both Eulerian model and Mixture multiphase model predict very similar results. However, 

along the inner vortex region the simulated values are highly under predicted for both axial and 

tangential velocities. Whereas along the outer vortex region the simulated values for tangential velocity 

predicts promising results contrary to the axial velocity where numerically solved results are highly 

over predicted. 
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4.2 Grade efficiency comparison: 

Figure 8: Grade efficiency for Mixture and Eulerian method 

Table 1: Grade efficiency comparison using two different models 

Mixture Eulerian 

Particle Size Grade Efficiency Particle Size Grade Efficiency 

0.5 14.68085 0.5 14.75177 

0.9 14.68085 0.9 14.75177 

1.4 12.69504 1.4 12.48227 

2.3 14.46809 2.3 14.53901 

3.4 16.02837 3.4 15.8156 

4.9 18.29787 4.9 18.08511 

9.8 31.84397 9.8 31.63121 

13.9 45.60284 13.9 45.60284 

19.6 57.58865 19.6 57.37589 

27.8 74.75177 27.8 74.75177 

39.1 85.8156 39.1 86.02837 

46.9 92.34043 46.9 92.55319 

Figure 8 is the graph of the grade efficiency of the hydro cyclone considered which is obtained by 

Volume of Fluid, Eulerian and Mixture multiphase model using RSM approach. The latter two 

multiphase models predict unrealistic result for all particles with diameters above 15 microns. The grade 
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efficiency for larger particles is slightly under predicted. The main observation being the Eulerian and 

Mixture model predict very similar grade efficiency. There is very small deference in between the 

graphs obtained by Mixture and Eulerian approach. The exact difference in values obtained after 

numerical simulation can be further studied in the Table1.The left column of each multiphase model 

represents the particle diameter whereas the right-side column determines the grade efficiency of the 

particle sizes. The grade efficiency values are considered up to three decimal places to compare the 

actual difference in grade efficiencies. 

5. Conclusion

The base model used as the dimensions of hydro cyclone has been validated using RSM approach and 

Volume of Fluid as the multiphase model. The main focus of this study is to compare the results as 

obtained by using different multiphase model. In this research work the Eulerian and Mixture 

multiphase model has been used for comparison. The focus being to encourage future engineers to get 

a brief idea about which multiphase model to use for their study. The numerical simulations conducted 

in this paper have the same parameters and working conditions as used by Delgadilo just the multiphase 

model being altered for research purpose. Conclusive result predicts that Mixture model and Eulerian 

model both results in same grade efficiency as well as velocity profiles. The results obtained by using 

either of these two multiphase models will not result in much difference in output values. Hence it can 

be concluded that future researchers can use any of the two procedures based on the requirement keeping 

in mind that using the other multiphase model will not result in much difference in output values. 
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ABSTRACT 

Proper assessment of ground water recharge, design of earthen dams, and slope stability analysis of 

embankments require the knowledge of permeability of water through porous media. This property of soil plays 

a vital role in the planning and design of such structures. The flow of water in porous media can take place in 

any direction as per the availability of slope, geological conditions of the area and soil characteristics. In this 

study, flow of water in two well defined directions viz. vertical and horizontal have been considered for the 

determination of permeability. As the permeability is dependent on number of factors such as characteristics of 

soil, orientation of soil mass and properties of fluid, its analytical determination in such situations becomes 

complex problem. Thus software FLUENT 14.0 of ANSYS was utilized for the determination of permeability. 

Different samples of soil were selected which are found at different depths in the earth crust such as coarse sand, 

fine sand, silt and clay. Flyash was also included in the study as this material is being increasingly used now- a -

day in earth fills. Permeability of the selected materials was determined in vertical as well as horizontal 

direction using the said software. The results obtained were validated by experimental observations. The 

simulated values were found in close proximity to the observed values. The permeability anisotropy   /  . also 

determined. This ratio was found within the range reported by other investigators.  

Keywords: Permeability, Anisotropy, FLUENT 14.0. 

1. Introduction

Permeability is the governing factor controlling the seepage through the soil. The precipitated 

water can find its way through the earth crust in vertical, inclined or horizontal direction as per the 

availability of interconnecting voids, availability of favourable slope and geological formations. This 

property of soil assumes considerable importance while designing the hydraulic structures over 

permeable foundations, stability analysis of earth dams, ground water recharge schemes. Thus 

investigators have worked to find the value of permeability of soil in various conditions. Aronovici 

and Donnan (1946) determined the permeability of soil when the flow was parallel as well as 

perpendicular to bedding planes. He used the value of permeability to determine the spacing of tile 

drains to be used for irrigation of agricultural lands. Childs (1952) described the field method to 

determine permeability. He took a pair of small holes drilled into the soil. Water was pumped out 

from one well and emptied into the other one. The difference of head in both the wells was related to 

discharge. This gave the horizontal permeability through anisotropic porous media. Evans (1962) 

determined the permeability through mathematical analysis, both in vertical and horizontal direction. 

He found the permeability in horizontal direction more than in vertical direction. Weeks (1969) used 

aquifer test analysis to find the ratio of horizontal permeability to vertical. He got this ratio from 2 to 

20. Chan and Kenney (1973) carried out laboratory test to determine the ratio of horizontal to vertical

permeability. He found this value upto 4 for layered soils. Witt and Brauns (1983) studied the effect

of shape of particles and orientation of grains on the permeability of soil for both the direction of

flow. He also derived an expression to relate the permeability of porous media to porosity. Tavenas

(1983) studied the permeability characteristics of soft clays and its variation with void ratio. Flow of

water in horizontal as well as vertical direction was considered. Kenney et al. (1984) carried out

constant head permeability test to find the effect of particle size and shape on permeability. He found

that the shape and size of the particle has negligible effect on permeability but the small size particle

such as D5, controls the permeability as it occupies space between bigger particles. Al-Tabbaa and

Wood (1987) conducted experimental study on vertical and horizontal permeability of Kaolin clay.
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He found the permeability in both the direction to be same till the clay slurry was uncompressed. But 

with one dimensional consolidation, the vertical permeability decreased as compared to horizontal 

permeability. Shepherd R. G. (1989) presented an empirical equation to determine the permeability 

of unconsolidated sediments on the basis of regression analysis of published data. He related the 

permeability to particle size. Okagbue (1995) studied the effect of stratification of sand on 

permeability when the flow was perpendicular to stratification. He found the permeability to be 

maximum when fine fraction of sand was at the end. Burger and Belitz (1997) carried out studies on 

permeability of undisturbed soil samples when the flow was in vertical and horizontal direction. He 

found the ratio of horizontal permeability to vertical permeability from 1.33 to 1.57. Sridharan and 

Prakash (2002) reported the importance of exit layer in their study of two layered system. They also 

reported the deviation of the observed values from Darcy’s law. Sridharan and Prakash (2013) 

extended their theory of two layer system to three layer system. Further they emphasized the 

importance of position of layers on equivalent permeability. Alam et al. (2015), for a two layered 

system when the flow was taking place perpendicular to layers, the authors found that if the 

permeability of exit layer is less than top layer, the permeability of the combination increases by 33% 

to 54% as compared to permeability of exit layer. On the other hand if permeability of exit layer is 

more than top layer, the permeability of the combination decreases as compared to the permeability 

of exit layer. Dungca and Galupino (2016) studied the permeability of a mixture of soil and flyash 

when the flow was horizontal as well as vertical. According to them there is no definite procedure for 

finding the horizontal permeability, so a permeameter was custom designed for the purpose. 

However standard method was used to find the vertical permeability. They found an increase in 

permeability with the increase in amount of flyash. Gupta et al. (2016) studied the permeability of 

stratified soil when the flow was perpendicular to bedding planes. The measured permeability 

exceeded the theoretical value. The values were influenced by the exit layer. When the exit layer was 

composed coarser fraction and top layer was fine, the observed permeability was found to decrease 

and vice-versa. Shedid (2019), A study was conducted by the investigator regarding the permeability 

of reservoir beds. He developed a correlation to predict vertical permeability from horizontal 

permeability. Another correlation was developed to find permeability anisotropy from the porosity of 

the core data. He took 112 samples from a sandstone reservoir and tested them in the laboratory 

using water and oil flow. Dungca (2019), he presented a new radial permeameter to determine the 

horizontal permeability of flyash based geopolymer soil mix. The vertical permeability obtained was 

much less as compared to horizontal permeability. Gupta et al. (2019), permeability for single 

layered soil was determined when flow was perpendicular to bedding plane. The work was done in 

laboratory as well as through CFD analysis using FLUENT software. There was a good agreement 

between the results of the two methods. The said software was recommended for speedy work. Gupta 

et al. (2020). Permeability measurements were carried out for multilayered soil for the flow in 

perpendicular direction. Therefore, analysis by the FLUENT software was carried out for 

comparison. Upto two layers, an agreement was found between observed and simulated values, 

however for multilayered soil, the deviation was found to be higher. 

The survey of the literature reveals that lot of experimental and theoretical work has been 

done on the permeability but the use of software in this field is limited. Thus, application of software 

has been attempted for the simplification of problem. Comparison of the simulated values has been 

done with the experimental values. The results encourage the use of software for the purpose.  

2. Methodology

Before carrying the test for permeability, the soil was tested for its properties. Sieve analysis 

was carried out as per IS: 2720 Part IV 1985 for the selected materials, i.e. coarse sand, fine sand, 

flyash, silt and clay. Particle size distribution curve was plotted for the materials as shown in fig.1. 
Coefficient of uniformity and coefficient of curvature for the selected materials was calculated and 

shown in table 1. Specific gravity for coarse sand and fine sand was determined using Pycnometer 

method, while for flyash, silt and clay, density bottle test was conducted as per IS: 2720 (part III/Sec-

1) 1980 and presented in table 2.
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Figure 1 Grain size distribution curve for selected materials 

Table 1. Coefficient of uniformity and coefficient of curvature for the selected porous media  

S.N0o. Material 

(mm) (mm) (mm) 

Coefficient 

of 

uniformity 

(Cu) 

Coefficient 

of 

curvature 

(Cc) 

1 Coarse Sand 0.250 0.360 1.100 4.4 0.5 

2 Fine sand 0.090 0.170 0.220 2.4 1.5 

3 Flyash 0.015 0.047 0.105 7.0 1.4 

4 Silt 0.012 0.030 0.052 4.3 1.4 

5 Clay - 0.017 0.058 - - 

Table 2. The specific gravity of soil samples used in present study 

S.No. Material Specific Gravity 

1 Coarse Sand 2.60 

2 Fine sand 2.66 

3 Flyash 2.10 

4 Silt 2.60 

5 Clay 2.50 

Permeability of the soil samples was determined using the FLUENT 14.0 software for both 

the cases of horizontal as well as vertical flow. Thereafter the permeability was determined in the 

laboratory when the flow was taking place in horizontal direction as well as in vertical direction. The 

variation of velocity of flow through the soil sample was plotted against the hydraulic gradient for 

each material as shown in fig. 2 to 3. The observed permeability is obtained as the slope of the said 

curve.  
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Figure 2 Variation between Horizontal 

Velocity and Hydraulic Gradient 

Figure 3 Variation between Vertical Velocity 

and Hydraulic Gradient 

3. Analysis by FLUENT 14.0

FLUENT 14.0 is a part of ANSYS software providing solution to numerous flow problems. It 

can also be applied to flow through porous media. The geometry of the permeameter is prepared in 

Gambit software then exported to FLUENT 14.0. The properties of material to be tested are entered 

into the system (table 8 and 9) and then the program is run. The program gives the output in the form 

of pressure gradient (Fig. 4 to 13) with maximum pressure at the inlet of permeameter and zero at the 

outlet. This pressure is used to calculate the value of permeability using the equation 1 

   

  
(1) 

Where,  L = Length of Soil sample (m); V = Seepage velocity (m/s); g = Acceleration due to gravity 

(m/  )   = Mass density of water (kg/    and  p = Pressure drop between inlet and outlet (N/  ). 

The procedure for vertical and horizontal permeability is identical except the shape of the 

permeameter for which separate geometry is required. 

Figure 4 Pressure Drop for Horizontal Permeability of Coarse Sand 
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Figure 5 Pressure Drop for Horizontal Permeability of Fine Sand 

Figure 6 Pressure Drop for Horizontal Permeability of Fly ash 

Figure 7 Pressure Drop for Horizontal Permeability of Silt 
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Figure 8 Pressure Drop for Horizontal Permeability of Clay 

Figure 9 Pressure Drop for Vertical Permeability 

of Coarse Sand 

Figure 10 Pressure Drop for Vertical 

Permeability of Fine Sand 

Figure 11 Pressure Drop for Vertical Permeability 

of Fly ash 

Figure 12 Pressure Drop for Vertical 

Permeability of Silt 
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Figure 13 Pressure Drop for Vertical Permeability of Clay 

4. Experimental Set Up and Procedure

The selected materials viz. coarse sand, fine sand, flyash, silt and clay were collected 

from locally available sources. The porosity of the material was kept at 40% which is the most easily 

achievable porosity. Knowing the volume of the specimen chamber, specific gravity of material and 

the porosity, the dry weight was calculated. The material was filled in three layers with required 

compaction to achieve the porosity of 40%. Water was allowed to flow through the soil sample till it 

became completely saturated. Entrapped air was allowed to escape through the air release value fitted 

on the top of middle chamber. Thereafter, discharge was collected from the outlet knob in the 

measuring jar for a known interval of time. 

To get the permeability in horizontal direction, as no standard apparatus is available, an 

apparatus was custom designed having overall length = 90 cm, breadth = 25 cm and height/depth = 40 

cm as shown in Fig. 14 and 15. The permeameter is divided into three chambers along the length viz. 

inlet, middle and outlet chamber. The middle chamber is for filling the soil sample. The inlet chamber 

supplies the water to the soil sample. Water flows through the soil sample into the outlet chamber. 

The inlet and outlet chamber has been provided with Perspex pipes of 50 mm internal diameter on the 

top. A flexible rubber tube is inserted into the Perspex pipe on the inlet chamber to supply the water. 

The Perspex pipe on the outlet chamber is fitted with six outlet knobs at a distance of 50 mm centre to 

centre. As the water level rises in the outlet chamber, it reaches the Perspex pipe and starts coming out 

from the outlet knob. This water is collected in a measuring jar for known interval of time. It gives the 

discharge and the velocity of flow through the sample. The level of water in outlet Perspex pipe is 

generally lower than in the inlet pipe on right hand side. This difference of level gives the headloss 

taking place in the sample and when divided by the length of sample gives the hydraulic gradient. 

For the determination of permeability in vertical direction, the standard AIMIL apparatus was 

used for the constant head permeability test. The apparatus consisted of a permeability cell, which can 

vary in size depending upon the particle size of the soil specimen. The sample is placed between two 

porous screens in the cell. Water is supplied from a tank which is being provided a mechanism to 

maintain the head constant. Although, the head available for the sample can be varied by changing the 

elevation of the permeameter. Before the measurement is started, the soil sample is fully saturated. 

For the known interval of time, the out flowing discharge is collected, this gives the velocity. The 

difference of head divided by the length of the sample gives the hydraulic gradient. The slope of the 

curve between velocity and hydraulic gradient gives the value of observed permeability. 

1020



. 

Figure 14 Horizontal Permeameter 

Figure 15 Schematic diagram of Horizontal Permeameter 
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5. Result and Discussion

The permeability of the selected material was determined using FLUENT 14.0 software when

the flow was directed in horizontal and vertical direction. The values obtained were found reasonable 

when compared with the values reported by other investigators such as Bryant (2003) and Alam et. al. 

(2015). The values of simulated permeability for both the directions are given in table 3. Thereafter, 

the said materials were tested in laboratory to find out the permeability in horizontal and vertical 

directions, the values are presented in table 4. The values of permeability in horizontal direction were 

compared with the values obtained from FLUENT software. The values along with percentage 

deviation are presented in table 5. It can be seen that for all the materials, both the values are very 

near to each other. Similarly the comparison of simulated and observed values for vertical flow is 

shown in table 6. A close agreement can be observed between the two values. Although in case of 

simulation, as well as in case of experimental values, it can be observed that horizontal values of 

permeability has been found to exceed the values of vertical permeability. Similar trend was observed 

by a number of investigators such as Evans (1962), Weeks (1969), Chan and Kenny (1973) etc. 

Table 3. Simulated Permeability of Different Materials 

S.No. Soil Sample Simulated Permeability Parallel to 

Bedding Plane 

(m/s) 

Simulated Permeability Perpendicular 

to Bedding Plane 

(m/s) 

1 Coarse Sand 1.54e-04 1.05e-04 

2 Fine Sand 1.05e-04 7.74e-05 

3 Flyash 7.56e-06 3.65e-06 

4 Silt 1.96e-06 1.71e-06 

5 Clay 1.34e-07 9.05e-08 

Table 4. Observed Permeability of Different Materials 

S.No. Soil Sample Observed Permeability Parallel to 

Bedding Plane 

(m/s) 

Observed Permeability Perpendicular 

to Bedding Plane 

(m/s) 

1 Coarse Sand 1.55e-04 1.04e-04 

2 Fine Sand 1.05e-04 7.73e-05 

3 Flyash 7.55e-06 3.61e-06 

4 Silt 1.97e-06 1.71e-06 

5 Clay 1.38e-07 8.93e-08 

Table 5.Comparison of Simulated and Observed Permeability in Horizontal Direction 

S.No. Soil Sample Simulated Permeability 

Parallel to Bedding Plane 

(m/s) 

Observed Permeability 

Parallel to Bedding Plane 

(m/s) 

Deviation 

(%) 

1 Coarse Sand 1.54e-04 1.55e-04 0.65 

2 Fine Sand 1.05e-04 1.05e-04 0.19 

3 Flyash 7.56e-06 7.55e-06 0.13 

4 Silt 1.96e-06 1.97e-06 0.51 

5 Clay 1.34e-07 1.38e-07 2.97 
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Table 6. Comparison of Simulated and Observed Permeability in Vertical Direction 

S.No. Soil Sample Simulated Permeability 

Perpendicular to Bedding 

Plane (m/s) 

Observed Permeability 

Perpendicular to Bedding 

Plane (m/s) 

Deviation 

(%) 

1 Coarse Sand 1.05e-04 1.04e-04 0.56 

2 Fine Sand 7.74e-05 7.73e-05 0.13 

3 Flyash 3.65e-06 3.61e-06 1.11 

4 Silt 1.71e-06 1.71e-06 0.00 

5 Clay 9.05e-08 8.93e-08 1.30 

Table 7. Comparison of Simulated and Observed Permeability Anisotropy / 

S.No. Soil Sample Simulated Permeability 

Anisotropy   / 
Observed Permeability 

Anisotropy   / 
Deviation 

(%) 

1 Coarse Sand 1.47 1.49 1.78 

2 Fine Sand 1.36 1.36 0.08 

3 Flyash 2.07 2.09 2.02 

4 Silt 1.15 1.15 0.58 

5 Clay 1.48 1.55 6.51 

Table 8. Data showing Simulation Parameters used in CFD analysis 

S.No. Parameter Input Values 

1 Solver Pressure based, Steady flow 

2 Computational domain type 3-D

3 Viscous Model Laminar 

4 Fluid Water 

5 Fluid Density 996.54 kg/m
2
 (at 27˚C) 

6 Fluid Viscosity 0.8568 Ns/m
2
 (at 27˚C) 

7 Operating Pressure 1bar (Standard Atmospheric Pressure) 

8 Inlet Type Velocity Inlet 

9 Inlet Flow Velocity of Water range 0.00000169161 m/s to 0.000117395 m/s 

10 Outlet Type Pressure Outlet  

11 Outlet Air Pressure 0.00 N/m
2
 

Table 9. Data showing Viscous Resistance Coefficient (1/α) for different porous media 

S.No. Material For Horizontal Direction “1/α” (m
-2

) For Vertical Direction “1/α” (m
-2

) 

1 Coarse Sand 7.17184e+10 1.09122e+11 

2 Fine sand 1.08505e+11 1.47485e+11 

3 Fly ash 1.50922e+12 3.12744e+12 

4 Silt 5.80332e+12 6.66499e+12 

5 Clay 8.15144e+13 1.26189e+14 
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The particles of soil are expected to rotate normal to the axial load. Thus they increase the 

tortuosity of flow lines in vertical direction and decrease the tortuosity parallel to particle alignment. 

This results in increase of permeability in horizontal direction as compared to vertical direction 

(Clennel et al. 1999). Thus the anisotropy of permeability, which can be determined by the ratio of 

permeability in horizontal direction to the permeability in vertical direction i.e.   /   . The 

permeability anisotropy for the selected materials has been presented in table 7 for the simulated and 

laboratory data. The values of permeability anisotropy range from 1.15 to 2.07 for the simulated value 

and from 1.15 to 2.09 for experimental values. Most of these values are within the range reported by 

other investigators. Such as Chan and Kenney (1973) found these values below 4 and Das (2008) 

from 1.32 to 3.33. This ratio carries significance for many engineering problems such as estimation of 

under flow below the dams, design of cut-off structures to restrict the seepage and design of 

freshwater barrier to prevent salt water encroachment into fresh water aquifers. 

6. Conclusion:

The values of permeability obtained through the software FLUENT 14.0 and those obtained from 

experiments were found very close to each other for both the vertical and horizontal direction of 

flow. 

The permeability anisotropy  /  .obtained from FLUENT 14.0 as well as from experiments 

show good agreement for both the cases of vertical as well as horizontal flow. 

FLUENT 14.0 can be used to determine the permeability of individual material in both the 

vertical and horizontal direction for speedy work.  

7. Acknowledgement

The present study has been undertaken as part of a UPCST Project entitled "An 

experimental study on permeability of layered soils parallel to the bedding plane". We would like 

to give special thanks to UP Council of Science &Technology for funding the project. 

8. References

 Alam et al. (2015) “Permeability of stratified soils for flow normal to bedding plane”, Aquatic

Procedia, Vol.   4, PP. 660 – 667.

 Al-Tabbaa and Wood (1987), “Some measurements of the permeability of kaolin”, Geotechnique

37, No. 4,499-503.

 Aronovici and Donnan (1946), “Soil-Permeability as a Criterion for Drainage-Design”, American

Geophysical Union Volume 27, Number I.

 Bryant W. R., (2003) “Permeabilities of Clays, Silty-Clays and Clayey-Silts”. Depositional

Processes and Characteristics of Siltstones, Mudstones and Shales Copyright ©2003 by SEPM

(Society for Sedimentary Geology) ISBN 1-56576-094-8

 Burger and Belitz (1997), “Measurement of anisotropic hydraulic conductivity in unconsolidated

sands”: A case study from a shore face deposit, Oyster, Virginia, Water Resources Research, Vol.

33, No. 6, Pages 1515-1522, June 1997.

 Childs (1952), “The Measurement of the Hydraulic Permeability of Saturated Soil in situ. I.

Principles of a Proposed Method”, The Royal Society, A Mathematical Physical and Engineering

Sciences, Proc. R. Soc. London, U.K., A 1952 215, 525-535.

 Clennel et.al (1999) “Permeability anisotropy of consolidated clays”, Geological Society, London,

Special Publications 1999, v.158; p79-96.

 Dungca and Galupino (2016), “Artificial Neural Network Permeability Modeling of Soil Blended

with Flyash”, International Journal of GEOMATE, March, 2017, Vol. 12, Issue 31, pp. 77 -82.

 Dungca et al. (2019), “Radial Flow Permeameter: A Proposed Apparatus to Measure Horizontal

Hydraulic Gradient of Fly-Ash Based Geopolymer-Soil Mix”, International Journal of GEOMATE,

June 2019, Vol.16, Issue 58, pp.218 -223.

1024



 Evans (1962), “A Note on the Average Coefficients of Permeability for a Stratified Soil Mass”,

Ph.D. Thesis.

 Fluent 14.0 user's guide.

 Gupta P. et.al (2016), “Influence of Thickness and Position of the individual Layer on the

Permeability of the Stratified Soil”, Elsevier, Perspectives in Science, Volume 8, September 2016,

Pages 757-759.

 Gupta P. et.al (2019), “An Experimental Study with CFD Simulation of Horizontal Flow Through

Porous Media”, Water and Energy International, November 2019. pp. 68-74.

 Gupta P. et.al (2020), “A Simulation and Experimental Approach for Flow Through Stratified

Porous Media Perpendicular to Bedding Plane”, Water and Energy International, April 2020. pp.

59-72.

 Chan and Kenney (1973), “Field Investigation of Permeability Ratio of New Liskeard Varved

Soil”, Canada Geotech. Journal. Vol. 10, 1973.

 Kenney et al. (1984), “Permeability of compacted granular materials, Canada Geotech. Journal”,

Vol. 21, 1984.

 Okagbue (1995), “Permeability of stratified sands”. Geotechnical and Geological Engineering,

1995, Vol. 13, Pages 157-168.

 Shedid (2019), “Vertical-horizontal permeability correlations using coring data”,  Egyptian Journal

of Petroleum, Volume 28, Issue 1, March 2019, Pages 97-101

 Shepherd R. G. (1989), “Correlations of Permeability and Grain Size”, National Ground Water

Association Journals, Volume27, Issue-05, September 1989, Pp. 633-638

 Sridharan A. and Prakash K., (2002) “Permeability of two layered soils”. Journal of Geotechnical

Testing” Vol. 25 No.4.

 Sridharan A. and Prakash K., (2013) “Permeability of layered soils: An extended study”. Journal of

Geotechnical and Geological Engg.” 31:1639-1644.

 Tavenas et al. (1983), “The permeability of natural soft clays. Part-II: Permeability characteristics”,

Canada Geotech. Journal. Vol. 20, 1983.

 Weeks (1969), “Determining the Ratio Horizontal to Vertical Permeability by Aquifer Test

Analysis”, VOL. 5, NO. 1 Water Resources Research, U.S. Geological Survey, Madison,

Wisconsin, 53706.

 Witt K.J. and Brauns (1983), “Permeability‐Anisotropy Due to Particle Shape”, Journal of
Geotechnical Engineering, Volume-109, Issue-9, September 1983.

1025



Comparison of Estimators of Weibull Distribution for 
Low-flow Frequency Analysis 

N. Vivekanandan* 

Scientist-B, Central Water and Power Research Station, Pune 411024, Maharashtra, India 
Email: anandaan@rediffmail.com 

*Telephone/ Mobile No. +91 20 24103367

Abstract 

Estimation of low-flow for a desired duration (‘d’ in day) and return period (‘T’ in year) is utmost importance 
for the assessment of water resources for many direct and indirect uses viz., municipal, irrigation, hydropower, 
public water supply, etc. This can be achieved through Low-flow Frequency Analysis (LFA) involving fitting 
probability distribution to the Annual Minimum d-day Average Flow (AMdAF) series derived from the daily 
stream flow data. This paper presents a study on LFA for river Godavari at Polavaram gauging site by adopting 
2-parameter Weibull (WB2) distribution. Parameters of the WB2 are determined by five different methods such 
as method of moments, maximum likelihood method, L-Moments (LMO), Probability Weighted Moments 
(PWM) and principle of maximum entropy; and also used for estimation of low-flow for different return 
periods. The adequacy of fitting WB2 is evaluated by quantitative assessment using non-parametric Goodness-
of-Fit (viz., Chi-Square and Kolmogorov-Smirnov) and diagnostic (i.e., correlation coefficient and root mean 
squared error) tests; and qualitative assessment using the fitted curves of the estimated low-flow. Based on 
qualitative and quantitative assessments, the study indicates the LMO (or PWM) is better suited for 
determination of parameters of WB2 distribution for estimation of low-flow for river Godavari at Polavaram. 

Keywords: Chi-square; Correlation coefficient; Kolmogorov-smirnov; L-moments; Low-flow,  Mean squared 
error; Probability weighted moments; Weibull 

1. Introduction
Low-flow is seasonal phenomenon and an integral component of flow regime of any river. Low-flow
analysis is an important aspect for water quality management, reservoir storage design, determining
minimum release policy and safe surface water withdrawals (Nathan and McMahon, 1990).
Hydrological literature describes that there are many interlinking natural factors that contribute to
low-flow, which includes direct river withdrawals for human activity and artificial afforestation in the
catchment. Numbers of indices such as mean annual runoff, mean daily flow, median flow, Annual
Minimum d-day Average Flow (AMdAF), absolute minimum flow are widely used to characterize the
low-flow. Among these, AMdAF is generally adopted procedure for characterizing the low-flow in a
stream, which satisfy the condition afore-mentioned is by averaging the flow using moving average
method for ‘d’ consecutive days viz., 7-, 10-, 14- and 30- days. Values of ‘d’ larger than unity help in
diminishing the effect of fluctuations resulting from minor river regulations. An associated, annual
event based, low-flow statistic q(d,T) gives low-flow estimates, which is defined as the AMdAF that
is expected to be occurred once in T-year return period (Kernell, 2012). Generally, the available
stream flow data are insufficient to conduct an accurate analysis of an extreme low-flow event.
Therefore, a number of probability distributions are used to improve the accuracy of estimated low-
flow (Ang and Tang, 1986). For this purpose, the AMdAF series is derived from the daily stream flow
data and used for estimation of low-flow (i.e., q(d,T)) through LFA.

Out of number of probability distributions, 2-parameter Weibull (WB2) distribution (Ahn et al., 1998; 
Randall and Freehafer, 2017) is widely applied for LFA and therefore considered in the present study. 
In this context, the parameters of WB2 are determined by standard parameter estimation procedures 
such as Method of Moments (MoM), Maximum Likelihood Method (MLM), L-Moments (LMO), 
Probability Weighted Moments (PWM) and Principle of Maximum Entropy (PME), and also used for 
estimation of low-flow for different return periods (Osarumwense and Rose, 2014). The adequacy of 
fitting five parameter estimation methods of WB2 to the AMdAF series for different values of ‘d’ 
such as 7-, 10-, 14- and 30-days is evaluated by quantitative assessment using non-parametric 
Goodness-of-Fit (viz., Chi-Square and Kolmogorov-Smirnov) and diagnostic (i.e., Correlation 
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Coefficient (CC) and Root Mean Squared Error (RMSE)) tests, and qualitative assessment using the 
fitted curves of the estimated low-flow. This paper presents the details a study on comparison of 
estimators of WB2 distribution adopted in LFA for river Godavari at Polavaram site. The 
methodology adopted in determination of parameters of WB2 for estimation of low-flow, GoF and 
diagnostic tests statistic values and the discussions of the results made from the study are briefly 
discussed in the following sections. 

2. Methodology
Analysis of low-flow of a stream pre-supposes that: (i) no significant withdrawals and diversions from
the location points are in operation; and (ii) the flows can reasonably be considered to be natural. The
data on daily flows, for the entire period of record, are divided into yearly intervals. The series of
AMdAF for different values of ‘d’ such as 7-, 10-, 14-, and 30-days are subsequently obtained. These
values are used to determine the parameters of  WB2 distribution for estimation of q(d,T).

2.1 Weibull distribution 
The Cumulative Distribution Function (CDF) of WB2 is given by: 
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where,  and  are scale and shape parameters of the distribution (Vogel and Kroll, 1990). The 
parameters are determined by MoM, MLM, LMO, PWM and PME; and are used to estimate q(d,T) 
from  

      )ˆ/1(T11lnˆT,dq    ... (2) 
The procedures adopted in determining the estimators of the parameters of WB2 by different methods 
are as follows: 

MoM of WB2 
The MoM estimators of the parameters of WB2 can be computed by solving the Eq. (3), which is 
given as below: 
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MLM of WB2 
The log-likelihood function of a WB2 distribution (Johnson et al, 1994) is given by: 
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The MLM estimators of the parameters of WB2 can be determined by solving the Eqs. (5) and (6). 

LMO of WB2 
The LMO (Ivana and Zuzana, 2014) estimators of the parameters of WB2 can be computed from the 
Eq.(7),  which is given as below: 

   ˆ11ˆ1   and    ˆ11)ˆ/1(21ˆ2 






   ... (7) 
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The LMO estimators of the parameters of WB2 can be determined by solving the Eqs. (7) and (8). 

PWM of WB2 
The PWM estimators of the parameters of WB2 can be computed by solving the Eq. (9) (Önöz and 
Bayazit, 2002), which is given as below: 
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From the values of (0) and (1), the parameters of WB2 can be determined from Eq. (10) and is 
given as below: 
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PME of WB2 
The PME (Lee and Kim, 2008) estimators of the parameters of WB2 can be computed by solving the 
Eq. (11) which is given as below: 
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2.2 Goodness-of-Fit tests 
The adequacy of fitting WB2 distribution to the series of AMdAF data is evaluated by a non-
parametric GoF test, say, Chi-Square (2) and Kolmogorov-Smirnov (KS) (D’Agostino and Stephens, 
1986). Theoretical descriptions of the GoF tests statistic are given as below: 
2 statistic is defined by:

 






NC

1j )q(jE

2)q(jE)q(jO2
... (12) 

where, Oj(q) is the observed frequency value of q for jth class, Ej(q) is the expected frequency value of 
q for jth class and NC is the number of frequency class.  
KS statistic is defined by: 
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Here, Fe(q(i)) is the empirical CDF of q(i) for i=1,2,3,…,N with q(1)<q(2)<….<q(N), FD(q(i)) is the 
derived CDF of q(i) and N is the sample size. In this paper, Weibull plotting position formula is used 
for computation of empirical CDF. The theoretical value of KS test statistic for different sample size 
(N) for different significance level is available in the technical note on ‘Goodness-of-Fit Tests for
Statistical Distributions’ by Charles Annis (2009). If the computed values of GoF test statistic given
by different methods of WB2 distribution are less than its theoretical value at the desired significance
level then all different methods of WB2 are found to be acceptable for LFA.

2.3 Diagnostic test 
The selection of a suitable parameter estimation method of WB2 for estimation of low-flow is carried 
out through diagnostic test using CC and RMSE. The theoretical expressions of CC and RMSE are 
given as below: 

 

 





























N

1i

N

1i

2
*q)i(*q

2
q)i(q

N

1i

*q)i(*qq)i(q

CC

 ... (14) 

1028



2/1
N

1i

2
)i(*q)i(q

N

1
RMSE 


















 

 ... (15) 

where, q(i) and q*(i) are the observed and estimated low-flows respectively for ith sample, q is the 

average of observed low-flows and *q  is the average of estimated low-flows. The distribution with
high CC (say, CC>0.9) and minimum RMSE is identified as better suited method in comparison with 
the other methods of WB2 for estimation of low-flow (Vivekanandan, 2020).  

3. Study Area and Data Used
In the present study, a study on comparison of estimators of WB2 for LFA for river Godvari at
Polavaram site is carried out. The river Godavari rises in the Western Ghats at Triambak near Nasik
about 113 km (kilometer) North-East of Bombay and only 80 km from the Arabian Sea. After
descending the Western Ghats, it takes a South-Easterly course across the southern part of Indian
Peninsula and flows through 1230 km and falls into the Bay of Bengal about 80 km east of
Rajahmundry. The total catchment area drained by the river is 312812 km2. The main tributaries of
the river are the Manjira, the Pranhita, the Indravati and the Sabari. Out of the total average annual
flow of the river, nearly 40% is contributed by the Pranhita, 20% by the Indravati, 10% by the Sabari
and the rest by the other tributaries and the Godavari itself. The Polavaram gauging site (Figure 1) is
located in the Godavari river basin and lies at 17° 15 07 N latitude and 81° 39 23 E longitude. The
catchment area of the Polavaram site is 307800 km2. The daily stream flow data observed at
Polavaram gauging site for the period 1972 to 2012 is used.

Figure 1. Location map of the study area 

4. Results and Discussions
The examination of stream flow data of Godavari river at Polavaram site for the period from 1972 to
2012 indicates that the river was perennial. As the flows in the rivers are regulated, the lean season
flow (AMdAF) was obtained by averaging the flow using moving average method for ‘d’ consecutive
days such as 7-, 10-, 14- and 30- days. The derived AMdAF series was used for LFA. Table 1 gives
the descriptive statistics of AMdAF series for different values of ‘d’ such as 7-, 10-, 14- and 30-days.

Table 1. Descriptive statistics of AMdAF for different values of ‘d’ 
Descriptive 

statistics 
AMdAF for different values of ‘d’ 

d=7 d=10 d=14 d=30 
Average (m3/s) 160.3 165.1 169.9 182.9 
SD (m3/s) 79.2 81.4 84.2 90.2 
CS 0.926 0.925 0.912 0.865 
CK 0.596 0.536 0.457 0.426 
SD: Standard Deviation; CS: Coefficient of Skewness; CK: Coefficient of Kurtosis 

1029



4.1 Estimation of q(d,T) using WB2 distribution 
By adopting the procedures of WB2 (using MoM, MLM, LMO, PWM and PME) distribution, as 
described above, a computer code was developed and used for LFA. The parameters of WB2 were 
used for estimation of q(d,T) and the results are presented in Tables 2(a) and 2(b).   

Table 2(a). q(7,T) and q(10,T) estimates for different return periods given by five methods of WB2 
Return period 

T(year) 
q(7,T) (m3/s) q(10,T) (m3/s) 

MoM MLM LMO PWM PME MoM MLM LMO PWM PME 
1.01 372.0 364.6 367.0 367.0 342.8 382.4 374.3 377.0 377.0 351.5 

2 152.3 153.1 152.8 152.8 162.7 156.9 157.7 157.4 157.4 168.1 
5 89.3 91.1 90.5 90.5 104.2 92.1 94.0 93.4 93.4 108.1 

10 62.7 64.6 64.0 64.0 77.6 64.7 66.8 66.1 66.1 80.7 
15 51.4 53.2 52.6 52.6 65.7 53.0 55.1 54.4 54.4 68.5 
20 44.7 46.5 45.9 45.9 58.5 46.1 48.1 47.5 47.5 61.0 
25 40.1 41.9 41.3 41.3 53.5 41.4 43.3 42.7 42.7 55.8 
50 28.8 30.3 29.8 29.8 40.5 29.8 31.5 30.9 30.9 42.5 
75 23.8 25.2 24.7 24.7 34.5 24.6 26.1 25.6 25.6 36.2 

100 20.7 22.0 21.6 21.6 30.8 21.4 22.9 22.4 22.4 32.4 

Table 2(b). q(14,T) and q(30,T) estimates for different return periods given by five methods of WB2 
Return period 

T(year) 
q(14,T) (m3/s) q(30,T) (m3/s) 

MoM MLM LMO PWM PME MoM MLM LMO PWM PME 
1.01 394.8 386.4 389.6 389.6 362.8 423.5 414.9 419.8 419.8 390.9 

2 161.3 162.2 161.9 161.9 172.8 173.9 174.7 174.2 174.2 185.3 
5 94.5 96.5 95.7 95.7 111.0 102.1 104.2 103.0 103.0 118.6 

10 66.3 68.4 67.6 67.6 82.7 71.8 74.0 72.7 72.7 88.3 
15 54.3 56.4 55.6 55.6 70.1 58.8 61.0 59.8 59.8 74.7 
20 47.2 49.2 48.4 48.4 62.4 51.2 53.3 52.1 52.1 66.5 
25 42.4 44.3 43.6 43.6 57.1 46.0 48.0 46.8 46.8 60.8 
50 30.4 32.1 31.5 31.5 43.4 33.1 34.8 33.8 33.8 46.1 
75 25.1 26.6 26.0 26.0 37.0 27.3 28.9 28.0 28.0 39.2 

100 21.9 23.3 22.8 22.8 33.0 23.8 25.3 24.5 24.5 35.0 

From Tables 2(a) and 2(b), it is noted that the low-flow estimates obtained from MoM are lower than 
the corresponding values given by MLM, LMO, PWM and PME for return periods from 5-year to 
100-year. From LFA results, it is also noted that there is no difference between the low-flow estimates
obtained from LMO and PWM of WB2 though the procedures involved in determining the parameters
using LMO and PWM are different.

4.2 Low-flow frequency curves (LFCs) 
The estimated values of q(d,T) for different return periods from 1.01-year to 100-year for different 
values of ‘d’ such as 7-, 10-, 14-, and 30-days were used to develop LFCs and presented in Figure 2. 
From LFC curves, it is noted that about 25% of the observed AMdAF corresponding to return period 
below 2-years are gathered below the fitted lines of the low-flow estimates using WB2. This could be 
due to the more pronouncements of difference in observed and estimates for return period below 2-
years as one of the drawback of probability plot. Overall, the observed low-flows are nearer to the 
estimated low-flows given by LMO (or PWM) of WB2.     

4.3 Analysis of results based on GoF test 
By applying the GoF tests procedures, as described earlier, 2 and KS tests statistic values for 
different values of ‘d’ such as 7-, 10-, 14-, and 30-days were computed and presented in Table 3. 
From GoF tests results, it is noted that the computed values by different parameter estimation methods 
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of WB2 are less than its theoretical value at 5% (viz., 7.820 for 2 and 0.199 for KS), and at this level, 
all five methods of WB2 are acceptable for LFA.  

Table 3. GoF tests results for the AMdAF series given by five methods of WB2 

AMdAF 
series 

Computed values of GoF tests statistic using 
2 KS 

MoM MLM LMO PWM PME MoM MLM LMO PWM PME 
d=7 1.585 1.585 1.585 1.585 1.723 0.075 0.075 0.075 0.075 0.080 
d=10 2.171 2.171 1.000 1.000 1.312 0.069 0.069 0.073 0.073 0.076 
d=14 1.585 1.585 1.585 1.585 1.723 0.081 0.081 0.084 0.084 0.087 
d=30 1.293 1.293 1.293 1.293 1.415 0.086 0.086 0.088 0.088 0.091 
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Figure 2. LFCs for river Godavari at Polavaram site 

4.4 Analysis of results based on diagnostic test 
The performance of WB2 distribution adopted in LFA using the series of AMdAF for different values 
of ‘d’ such as 7-, 10-, 14-, and 30-days was evaluated by diagnostic test using CC and RMSE. The 
diagnostic test results were computed and are presented in Table 4.  

Table 4. Diagnostic tests results for the AMdAF series given by five methods of WB2 
AMdAF 

series 
CC RMSE (m3/s) 

MoM MLM LMO PWM PME MoM MLM LMO PWM PME 
d=7 0.987 0.986 0.986 0.986 0.980 13.0 14.0 13.7 13.7 19.9 
d=10 0.986 0.985 0.985 0.985 0.979 13.9 14.9 14.6 14.6 21.2 
d=14 0.986 0.985 0.986 0.986 0.979 14.3 15.4 14.9 14.9 21.8 
d=30 0.988 0.987 0.988 0.988 0.982 14.4 15.6 14.9 14.9 22.1 
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From Table 4, it is noted that the WB2 (using MoM) gave high CC and minimum RMSE when 
compared with the corresponding values of MLM, LMO, PWM and PME  for the series of AMdAF 
for different values of ‘d’ such as 7-, 10-, 14-, and 30-days.  But, MoM estimates are often less 
accurate than those obtained by other parameter estimation procedures such as MLM, LMO, PWM 
and PME. So, after eliminating the diagnostic test results of  WB2 (using MoM) related to the 
AMdAF series for different values of ‘d’ such as 7-, 10-, 14-, and 30-days, it is noted that LMO and 
PWM gave good CC and minimum RMSE when compared with those values of MLM and PME. In 
view of the above, it is suggested that WB2 (using LMO or PWM) could be considered as an 
appropriate parameter estimation method of WB2 for estimation of low-flow for river Godavari at 
Polavaram site.   

5. Conclusions
The paper presents briefly the study carried out for estimation of q(d,T) for different values of ‘d’
such as 7-, 10-, 14- and 30-days through LFA by adopting WB2 (using MoM, MLM, LMO, PWM
and PME) distribution for river Godavari at Polavaram gauging site. Based on the analysis of the
results using quantitative and qualitative assessments, the following conclusions were drawn the
study.

 MoM estimates are often less accurate than those obtained by other parameter estimation
procedures such as MLM, LMO, PWM and PME

 Estimated low-flows by MoM are lower than those values of MLM, LMO, PWM and PME for
return periods from 5-year to 100-year.

 Estimated low-flows using LMO and PWM are found to be same though the procedures
involved in determining the parameters of WB2 using LMO and PWM are different.

 GoF tests results confirmed the applicability of all five methods of WB2 adopted in LFA using
the data series of AMdAF for different values of  ‘d’.

 RMSE on the estimated low-flows using LMO and PWM of WB2 are minimum when
compared with those values of MLM and PME.

 CC values indicated that there is generally good correlation between the observed and estimated
low-flows and these values vary between 0.979 and 0.988.

 GoF and diagnostic tests results confirmed that LMO (or PWM) of WB2 could be considered
as an appropriate method for estimation of low-flows.

The study suggested that the estimated low-flows by WB2 (using LMO or PWM) could be a useful 
indicator for deciding environmental flows and minimum water release policy and so on.   
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Abstract 

Bhakra Beas Management Board (BBMB) operates two major reservoirs namely Bhakra and Pong on Satluj and 

Beas rivers with designed capacity of 9.87 BCM and 8.58 BCM respectively and combined average inflow of 27 

BCM. The BBMB reservoirs in addition to hydro-power generation, distributes irrigation water to Punjab, 

Haryana and Rajasthan, and water supplies to Chandigarh and Delhi.   

Water management is now facing new challenges due to climate variability and extremes, making the traditional 
method of reservoir operation obsolete. BBMB with the consultancy services of DHI developed a Real-Time 

Decision Support System (RTDSS) for Operational Management of BBMB Reservoirs. The RTDSS integrates 

state of the art data acquisition system (real time and forecasted weather information), inflow forecast modelling, 

optimization, and analysis tools in a single IT system, designed for ease of use by operators. MIKE Operation, 

platform for decision support, comprises a large suite of generic and flexible software components. MIKE 11 

NAM (for Rainfall-Runoff/Snowmelt-Runoff Modelling) and MIKE 11 HD (for water levels & discharges along 

the rivers sections) are operating automatically within the RTDSS and are combined with the database to provide 

comprehensive information on the present and future state of the basin.  

BBMB with the help of RTDSS has tackled the problems posed due to climate change including drought, floods, 

historical minimum, and maximum snow deposition. The real time information of weather and inflow forecasts, 

reservoir level scenarios and automated information generated through RTDSS helped in successful operational 

management of reservoirs. This paper discusses about the management of reservoirs in BBMB through RTDSS. 

Keywords: BBMB; Reservoir Operation; Climate Variability; RTDSS; Water Management; inflow forecasts; 

MIKE Software  

1. Introduction

This paper studies the role of RTDSS (Real Time Decision Support System) in operational management 

of Bhakra and Pong reservoirs. Bhakra Beas Management Board (BBMB) is one of the nine central 
agencies which participated in HP-II (2008-2014) and with the consultancy services of DHI developed 
a Real-Time Decision Support System (RTDSS) for Operational Management of BBMB Reservoirs. 
The domain of the RTDSS is the area of the basins of the Beas and Satluj Rivers from the upstream 
limits, including the area of the Satluj in Tibet, to the downstream controls of BBMB at Nangal on the 
Satluj and Pong on the Beas.  

Bhakra dam (740 ft height) is located on the Satluj River and Pong dam (435 ft height) is located on the 
Beas River. The full reservoir level of Bhakra dam and Pong dam is 1680 feet and 1390 feet 
respectively. Bhakra and Pong reservoir has varying inflows from 14-22 BCM & 5-13 BCM 
respectively in a water year with average inflow of 18 BCM for Bhakra dam and 9 BCM for Pong Dam. 
Both perennial rivers are major tributaries of Indus river basin. 

Impact of climate variability like increase in phenomenon of cloud bursts or extreme rainfall events has 
made short term to medium term forecasts very important during monsoon for operational management 

of storage reservoirs. On the other hand, managing water supply during successive droughts is very 
challenging. The real time information of weather and inflow forecasts, reservoir level scenarios and 
various other analysis generated through RTDSS combined with experiences of reservoir regulation 
helps in successful operational management of reservoir. RTDSS is a decision support system for 
decision makers to help them make informed decisions based of established model scenarios. RTDSS 
platform can be used to make streamflow forecasts from days to years as explained in figure 1 below: 
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Figure 1 RTDSS platform application in streamflow forecasts 

1.1 Study Area 

The entire waters of the Satluj, Beas and Ravi river basin (Figure 1) is for India for unrestricted use as 
per The Indus Water Treaty, signed in 1960. The present study area comprises two of these river basin 
- Satluj and Beas River basin with a total geographical area of 56,860 km2 and 12,560 km2 respectively.
The Satluj River rises to the west of Mt. Kailash in Tibet at an altitude of 5250 m and has a catchment
area of 37,160 km2 in Tibet and 19,820 km2 in India at Bhakra dam site.

The Beas River rises from the southern face of Rohtang Pass in the Kullu district at an altitude of 3,400 

m upstream of Manali and flows 116 km downstream to Pandoh Dam where water is diverted to the 
Satluj River through Beas Satluj Link Project. From Pandoh Dam, it is a further 130 km downstream to 
Pong Dam.  The total catchment area Beas river basin is 12,560 km2. Further downstream, the Beas 
River joins the Satluj River at Harike after traversing over a 400 km.   

Figure 2 Satluj, Beas and Ravi Catchments of Indus Basin. 

2 RTDSS (Real Time Decision Support System) in BBMB 
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The RTDSS integrates the Real-Time Data Acquisition System (RTDAS) with real time data from 
external sources (e.g. weather forecasts and near real-time satellite meteorological data), flow forecast 
modelling, optimisation tools, and analysis and decision support tools in a single IT system, designed 
for ease of use by operators. It has four main components (Figure 3). The system architecture applied 

in BBMB for data fetching, processing and output dissemination is depicted in figure 4. 

Figure 3 RTDSS project components 

Figure 4 RTDSS system architecture in BBMB 

2.1 Reservoirs Operation in BBMB using RTDSS 

RTDSS in BBMB uses MIKE Operation by DHI as the platform for decision support in all water 
environments, comprising a large suite of generic and flexible software components. Some of the 
features of MIKE Operation used in BBMB are: 

Real Time Data 
Acquisition System

Telemetry Data

IMD Data

IMD/NCMRWF 
Forecast

NASA Satellite 
Precipitation/GPM

Manual Observation 
Data

Data Storage and 
Management

System Architecture

Data Flow

Backup and Security

Modelling Tools

Rainfall Runoff/ 
Snowmelt model

Hydrodynamic

Water Allocation/ 
Flood Model

System Automation

Database 
Management

Results Visualization and 
Dissemination

Real-time DSS 
Interface

Workstations

Remote Locations

Website Dashboard

Daily Reports

Email and SMS 
Alerts
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• Data acquisition and data management, including time series analysis and visualisation, GIS
processes and visualisation, data interfaces to external providers, quality checks and log of data
changes

• Real time operation, scheduling user configured tasks for automation

• Forecast and early warning systems, including notifications by SMS, e-mail and web publishing

• Reservoir and flood management, including scenarios for comparative assessments based on DHI
and third-party models, scripting for user-defined tools, optimisation to compute optimal solutions
based on multiple competing objectives

• Information management, including spreadsheets to establish user defined analyses and reports

• Snow accumulation and snowmelt forecasting based on different temperature scenarios.

It makes decision making informed, fast and reliable in optimising the reservoir operation and avoid 
spillage from reservoirs. Reservoir operation requires comprehensive knowledge of current 
hydrological conditions of basin and analysis of historical datasets and operation rules applied in past 
years. This paper highlights some common procedures applied for reservoir management in BBMB 
using RTDSS: 

2.1.1 Analyzing Reservoirs Status w.r.t. historical years 

Reservoirs level on current date in different years is shown graphically arranged in ascending order on 
BBMB dashboard created by DHI. It helps understand current reservoir status compared with historical 
years: 

Figure 5 Reservoir Level on 20th June in current year w.r.t to historical years 

Similarly plots of monthly average inflows and outflows compared with historical years and exceedance 
probability of inflows (Figure 5) are available in real time. This gives the decision makers holistic view 

of reservoirs status.  

Figure 6 Bhakra inflow exceedance probability calculator and graph in RTDSS website 

Graph 

Calculator 
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If reservoirs level is on higher side with good inflows at the start of monsoon then probability of flood 
is high. In this case system is closely monitored with short term to medium term inflow forecasts based 
on quantitative precipitation forecasts for next 3 to 10 days and probabilistic analysis after that. 

Exceedance probability of inflows gives a better idea of current inflow pattern w.r.t. historical years 
and using similar inflows to generate reservoir level scenario helps in decision making. Similarly, if 
reservoirs are on lower side after monsoon then again RTDSS helps generate reservoir scenarios with 
seasonal and long term forecasts so that downstream demands can be met with and a cushion is left in 
reservoir till the start of next monsoon. 

2.1.2 Inflow Forecasts 

Water year in Satluj and Beas basin can be divided into post monsoon (October to December), Snow 
accumulation (January to March), Snow melt (April to June) and Monsoon (July to September) period. 
It is further divided into depletion period (starts from 21st of September and ends on 20th of May next 
year) and filling period (21st of May to 20th of September) based on reservoir operation. The target of 

filling period is to attain as high a level as possible in Bhakra and Pong reservoirs without spillage. In 
case, reservoir level exceeds maximum flood level of reservoirs, RTDSS supports in management of 
spills and downstream flood inundation mapping. In depletion period it is to be ensured that downstream 
demands are met with considering lean flows and probable snowmelt before next monsoon. Short term 
to medium term forecast is very important during filling period. Similarly, seasonal forecast to long 
term modelled scenarios are important during depletion period. 

Figure 7 Inflow forecasting system in BBMB 

a. Short term / Medium term forecasts

The forecasting model applies quality controlled data from available real time sources. Catchment 
precipitation (rainfall and snow) is based on weighting real time observations from the RTDAS, satellite 
precipitation and a meteorological forecast model. The upstream portion of Satluj Basin, which falls 
under Chinese territory does not have any telemetry stations which can be used for modelling. 

Therefore, for these upstream catchments, near real time satellite precipitation available from 
TRMM/GPM has been used.  

Data Sources: 

Real Time / Before Time 

of Forecast 

Point data: IMD, BBMB 

Satellite Precipitation: GPM data 

Meteorological Forecast: 

10 days Quantitative Precipitation/Temperature Forecast from NCMRWF 

/IMD /GFS 

The quantitative precipitation & temperature forecast information available from various agencies like 

IMD, NCMRWF and GFS have been incorporated to improve forecasting reliability. These 
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meteorological forecasting agencies provide dataset in Grib / Netcdf file format. Scripts are run from 
MIKE Operation interface to download, process and convert these datasets to convert it into ascii or 
dfs0 file format. Figure 8 below shows NCMRWF forecasts from 17th to 20th of August 2019 which 
leads to extreme inflows to Bhakra (Figure 9) and Pong reservoir. Real time and forecasted 

precipitations are then converted into Catchment weighted rainfall and then model simulates catchment 
runoff. MIKE 11 HD model traverses the flow from catchment outlet to reservoirs through river network 
by solving Saint-venant equation for wave propagation (Figure 10). The whole process of data 
downloading to model run to post processing of result and its dissemination is automated through 
scripts. Benefits of this system is that prior information on these storm events provides a lead time to 
Decision makers to take appropriate steps to mitigate or reduce any eventualities.  

Figure 8 NCMRWF Precipitation forecasts made on August 15, 2019 for 17th-20th of August 2019 

Figure 9 Bhakra inflow and outflow during in August 2019 
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Figure 10 Modelling Process for inflow forecasts using MIKE 11 Software 

Rainfall runoff model (MIKE 11 NAM) uses the concepts of continuous moisture accounting method. 

Catchment moisture is updated with real time precipitation and then multiple inflow forecast scenarios 
are generated with different meteorological forecasts. RTDSS allows real time tracking of the catchment 
moisture and its response to a storm event.  

Figure 11 Real time tracking of catchment rainfall 

The inflows to reservoirs for next 10 days and catchment moisture accounting helps decision makers to 
take decision on outflow from reservoirs.  These forecasts are extremely important for decision makers 
during monsoon period.  

The benefit of this inflow forecasting system is that you can follow a dynamic rule curve. Knowing the 
status of catchment moisture and meteorological forecasts provides good confidence level in taking a 
decision on release from reservoirs. When monsoon is weak then downstream demands are high, and 

water also needs to be stored in reservoirs. On the other hand, Good monsoon decreases the demands 
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downstream and it may also mean that reservoir is nearing its HFL. So, day to day updating of inflow 
forecasts for next few days along with various reservoir level scenarios needs to be reviewed regularly. 

The performance of the model in the forecast period depends on model performance in the hindcast 

period with real time data and quality / dependability of forecasted rainfall and temperature data in 
forecast period. 

b. Reservoir Level Scenarios:

Filling period: Future reservoir level based on exceedance probability of inflows, matching years 
inflows, historical mean inflows, based on residual snowmelt runoff etc. These scenarios along with 
short term to medium term forecasts help in decision making on releases during monsoon. All this 
information is generated dynamically in real time and can be accessed on website. An example of 
graphical representation of reservoir level scenario is presented below: 

Figure 11 Bhakra inflow exceedance probability calculator and graph in RTDSS website 

Depletion Period: Reservoir operation in depletion period depends on highest level of reservoir achieved 
during filling period and types on monsoon. Hydrological model (NAM) predicts catchment runoff as 
overland flow, interflow and baseflow. Post monsoon inflows are mainly due to baseflow component. 
Winter precipitation due to western disturbances causes snow accumulation in higher altitude of Satluj 

and Beas basin mainly from December to March. Modelled snow accumulation and snow coverage 
imageries from MODIS provides a good picture of available snow in the catchments. Generating a 
reservoir level scenario for May and June period is very crucial when reservoir level are generally low, 
downstream demands are high and snowmelt runoff decides whether required demands can be fulfilled 
or not. Modelled flows in depletion period coupled with modelled snow accumulation and snowmelt 
forecast generated from model helps BBMB maintain reservoir in depletion period. 
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Figure 12 Web view of Snow available in various sub-catchments of Satluj and Beas basin 

3. Summary and Conclusion

RTDSS integrates GIS, meteorology, Statistics and modelling tools to provide reliable hydrological 
forecasts which helps in reservoir operation in a sustainable manner. However, the existing system is 
further open to new developments and updating. Reliability of meteorological forecasts needs to be 
ascertained to allow its sustainability. It has been observed that meteorological forecast up-to 3 days is 
acceptable, but its reliability deteriorates afterwards. Forecast reliability study needs to be done and 

BBMB should move towards ensemble forecasting based on performance indicators. It has also been 
observed that maintenance of instrumentation is a difficult task in hilly terrain and so BBMB should 
maximize uses of Satellite based information for basin management especially for snow analysis. 
Climate change study, Water allocation, 2D flood modelling for downstream reaches are some of the 
fields where existing RTDSS can help. There is a scope of improvements in web dissemination as well. 

Acknowledgement: All figures and information published in this paper is from RTDSS system 
developed and maintained by DHI for BBMB.  
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Abstract 

A multistage centrifugal pump is basically a type of regular centrifugal pump which has more than one impeller 

arranged in series on a single shaft of rotor. It consists of impeller, diffuser and return channel passage. To study 

numerical simulation of multistage pump first a single stage pump is model in Nx-CAD and is analyzed of 

different number of impeller blades i.e. 5, 6 and 7 at different speed 1450 rpm, 1600rpm, 1750rpm and 1900 rpm. 

The governing equation is solved using k-ε turbulence model. It is observed that as number of blade and speed 

increases, the performance of the pump improves. Best performance is obtained for 7 blade impeller at 1900 rpm. 

Keywords: CFD; Numerical analysis; multistage pump; centrifugal pump 

1. Introduction

A multistage centrifugal pump is a type of general centrifugal pump, it consists of more than 

one impeller arranged in series on a single shaft of the rotor. The reason behind keeping impeller in 

series is to increase head generated by the pump. This pump is mostly used to dewater the mines, 

firefighting systems, boiler feed pump, etc. 

Generally multistage pump consists of five main components the inlet pipe, impeller, diffuser, 

return channel passage and outlet pipe. Diffuser is used to convert velocity head into pressure head, it 

has stationary vanes, while return channel passage is provided to guide the fluid to next stage of the 

pump. The number of blades and rotational speed affects the performance of the pump. 

Many researchers carried out practical and numerical study of single stage of multistage pump. 

The three different types of impeller (Ozturk et al. 2009) in which they showed difference between 

straight blade and twisted blades, the impeller with twisted blade was found to be more efficient then 

straight blade impeller and radial gap between impeller and diffuser. A two stage pump with 7 impeller 

blades and 11 diffuser vanes and 11 return guide vanes (RGV) was modeled and revealed that improved 

design of RGV can stop swirling of the fluid before entering to the further stage of the pump 

(Chakraborty S et al. 2014). Single stage of multistage pump were numerically investigated by (Nicolas 

et al. 2014). For different impeller blade number, diffuser vanes, return channel guide vanes, impeller 

blade heights and surface roughness. Different design methods for impeller blade profile represented 

by (Bowa-de et al. 2014), which are single arc method, double arc method, circular arc method and 

point by point method. Radial diffuser used in single stage pump were studied for different thickness of 

vanes, vane angle and number of vanes by (Chakroborty et al. 2014). For two stage pump by using k-ε 

turbulence model. The results obtained from this numerical simulation were validated with 

experimental values by (Tan M. G et al. 2016). Inlet and outlet impeller Blade angles range defined by 

(lobanoff V.S 2013). 

In the present work the numerical simulation of the single stage of a multistage pump is carried 

out by using three impellers having 5, 6 and 7 number of blades. The analysis is done for a constant 
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mass flow rate and four different rotational speeds of the impeller. This analysis may be useful to study 

the complex flow phenomenon and performance analysis of multi- stage pump. 

2. Design and Modelling

To carry out numerical simulation of multi stage pump analysis is necessary to study single 

stage of multistage pump. The complete geometry of pump is prepared in Nx-CAD, the model consists 

of three important domains i.e. impeller, diffuser and return channel passage, dimensions and other 

parameters are given in Table No. 1. 

Table 1. Geometrical and Operating Parameters 

Impeller outlet diameter 408mm 
Impeller inlet diameter 195mm 

Inlet blade angle β1 40º 
Outlet blade angle β2 20º 

Blade width at inlet and 
outlet 

23mm 

Speed 
1450, 1600, 1750 and 

1900 
Number of blades 5, 6 and 7 

Diffuser inlet diameter 408mm 
Diffuser outlet diameter 502mm 

Number of vanes 8 
 Diffuser inlet angle 5º 

Diffuser outlet angle 25º 
Casing Diameter  570mm 
Number of RGV 11 

Guide vane height 35mm 
Casing height 58mm 

Figure 1 Assembly of single stage pump 

The complete flow domain is discretized in ICEM CFD and unstructured mesh is obtain to 

carry out simulation. The academic version of ANSYS CFX code (Ansys Inc. [18.1]) is used for the 

simulation. The simulation is done for a constant mass flow rate 128.88 Kg/sec and four rotational 

speeds varying from 1250 RPM to 1900 RPM. The details of meshing are given in Table No. 2.  
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Table 2. Mesh data of each domain 

Domain No. of Nodes No. of Elements Element Type 

Impeller 398099 2203762 Tetrahedral 
Diffuser 181150 1002296 Tetrahedral 

Return passage 
of  stage  

722994 4028811 Tetrahedral 

Figure 2 Meshing of impeller, diffuser and return channel passage domain. 

After discretization the model is transferred in ansys CFX-Pre where the domain is set as fluid 

domain applied with water as flowing fluid, rotation axis is set as Z- axis, to solve the problem k – ε 
turbulence model is used, the boundary conditions at inlet was given static pressure of 1atm with 

reference pressure as 0atm. Interface models as fluid- fluid and frame change is kept as frozen rotor 

between impeller – diffuser and for diffuser and return channel passage as none. For solving problem 

the 500 iterations steps is kept and residual target set to 10-06. 

3. Equations

Head coefficient  H* =  gH 
       u2

2
(1) 

Power coefficient P* =  Pin 

        ρω3D2
5 

(2) 

Head generated H=(P2-P1)Stan.Frame 
γ 

(3) 

Manometric efficiency   η =  Hmano 
         Cu2 u2 /g 

(4) 

Flow coefficient 
Ψ  =  W2

√𝟐𝒈𝑯 
(5)
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Speed coefficient Φ =        u2 

√𝟐𝒈𝑯
(6) 

Specific speed Ns = N √𝑸 
          H3/4 

(7) 

Input Power 
Pin = 2ΠNT 
     60000 

(8) 

Output Power Pout = γ Q H 
       1000 

(9) 

4. Results and Discussions

To carry complete flow simulation of multistage pump it is necessary to study first flow 
simulation of single stage of multistage pump. As shown in Figure 1 the multistage pump consist of 
three main components the impeller, diffuser and return channel passage. The diffuser function is same 
as that volute casing i.e. conversion of velocity head into pressure head, it has stationary vanes, while 
function of return channel passage to guide fluid to next stage of inlet. The number of blades and 
rotational speed affects the performance of the pump. It is found that the impeller with twisted blades 
is more efficient in competition to straight blade impellers [7]. The existing pump assembly is analysed 
with three different (i.e. 5, 6 and 7 blade impellers combined with 11 diffuser vanes and 11 return guide 
vanes [4]. The performance of pump is analysed for power output, efficiency and change in velocity 
and pressure under different operating conditions (for a fixed discharge and 4 rotational speeds of all 
three impeller assemblies). The results obtained by the performance analysis of all three (5, 6, and 7 
blade impellers) are compared in terms of dimensionless parameters as follows: 

  Figure 4 Efficiency vs Speed   Figure 5 Head vs speed 

It can been seen from graph which indicates as number of blades and rotational speed increases the head 
and efficiency of pump also increases. 
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  Figure 6  Figure 7 

Figure 8 

It can be seen from Fig 3 that the flow coefficient tangential speed coefficient is decreasing with no of 

blades and rotational speed of impeller because of more head generation for the constant mass flow. 

Whereas power input is increasing with no of blades and rotational speed both. 

        Figure 9 Pressure contour with 5 blades  Figure 10 Pressure contour with 6 blades 
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Figure 11 Pressure Contour with 7 blades 

Above pressure contour bar show increasing values of pressure in flow domain as speed and number of 

blades increases. 

5. Conclusions

The numerical simulation of single stage pump is carried out at constant mass flow rate of 128.6 kg/sec 

by varying four different rotational speed for the impeller having 5, 6 and 7 number of blades. . It has 

been investigated that as number of impeller blades and rotational speed increases the pump 

performance also increases. Swirl at inlet is nearly zero. The highest head of 49.34 m and efficiency of 

56.65%. This numerical simulation is useful to understand the flow behavior of fluids in case of 

multistage pumps. 
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Abstract 

Slope stability during reservoir drawdown is the most important consideration for embankment dam 

design. Reservoir water pressure has a stabilizing effect on the upstream dam faces under operating 

condition. The stabilizing effect of the water is lost during rapid drawdown condition but the pore water 

pressures that remains within the embankment, may remain high. Due to which the dam stability along the 

upstream face of the dam, may decrease until the high pore water pressure within the dam dissipate. 

Dissipation of pore water pressure depends on the permeability and storage characteristics of the 

embankment materials. Highly permeable materials drain quickly but low permeable materials takes time 

to drain during rapid drawdown condition. 

The rapid drawdown  occurs when a slope that is used to retain water experiences a sudden lowering of the 

water level and the internal pore pressures in the slope cannot reduce fast enough (Khassaf et al., 2013). 

Zomorodian and Abodollahzadeh (2010) investigated the effect of horizontal drains on upstream slope of 

earth fill dams during rapid drawdown using finite elements and limit equilibrium methods. Noori and 

Ismaeel (2011) stated that seepage can cause weakening in the earth dam structure, followed by a sudden 

failure due to piping or sloughing. Chugh (2013) examined the stability of a circular earth dam for radial 

cracking potential and static slope stability using continuum mechanics-based three-dimensional numerical 

models. 

About dam 

Khamar Pakut dam is an earthen dam, which is located in Gharghoda Tahsil in Raigarh District. It is built 

on Khadun river. The length of the main dam is around 14.70 km and maximum height is 23.86 m with 

4.57m top width. Mean monsoon yield is around 30.40 M.cum and Gross Storage capacity 21.88 M.cum. 

It serves 18 villages with total command area of 15300 Acres and culturable area of 13350 Acres. 

Keywords: Slope stability; Seepage; Instantaneous drawdown; slow drawdown 

Introduction 

Slope stability analysis is performed to find out the safest design of embankment, road cuts, open-pit 

mining, excavations, landfills etc. under different conditions. In other words, it is the resistance of 

inclined surface to failure by collapsing and sliding.

Successful and safe design requires geological information and site characteristics such as soil mass, 

slope geometry, groundwater conditions etc. The presence of water has a detrimental effect on slope 

stability. Water pressure acting in pore spaces or other discontinuities in the materials that make up the 

pit slope will reduce the strength of those materials. Correct analysis techniques depends on both site 

conditions and the potential mode of failure.

Stability analysis was performed graphically or by using a hand-held calculator but today we use 

softwares like PLAXIS, GEOSLOPE etc. which uses limit equilibrium techniques through 

computational limit analysis approaches(FEM, Discontinuity layout optimization) to complex and 

sophisticated numerical solution.

Conventional methods of slope stability analysis can be divided into three groups: kinematic analysis, 

limit equilibrium analysis, and rock fall simulators. All the limit equilibrium methods assume that 

the shear strength of the materials along the potential failure surface are governed by linear (Mohr-

Coulomb) or non-linear relationships between normal stress and the shear strength on the failure 

surface. The most commonly used variation is Terzaghi's theory of shear strength which states that 

s = c + σ. tan ϕ 

Where tan ϕ is the coefficient of plane sliding friction, which describes the packing, surface roughness, 

and hardness of the materials constituting the slope, s is the shear strength, c is the effective cohesion 

1050

Paper ID - 503

https://en.wikipedia.org/wiki/Kinematics
https://en.wikipedia.org/wiki/Rock_(geology)
https://en.wikipedia.org/wiki/Falling_(physics)
https://en.wikipedia.org/wiki/Mohr-Coulomb_theory
https://en.wikipedia.org/wiki/Mohr-Coulomb_theory
https://en.wikipedia.org/wiki/Shear_strength_(soil)#Drained_shear_strength


and σ is the effective shear strength. 

Many slope stability analysis tools uses various methods of slices such as Ordinary method of 

slices (Swedish circle method/Petterson/Fellenius), Bishop, Spencer, Sarma etc. 

Stability of a slope depends on its soil properties, geometry and the forces to which it is subjected to 

internally and externally. The surface water pressure and pore water pressure are examples of such 

internal and external forces that may have consequences both from hydrostatic and hydrodynamic 

perspectives on the slope stability. Whether a slope is partially or totally submerged, the internal and 

external forces that affect the slope can change as the water level changes. As a result of the water level 

change, both seepage-induced pore pressures due to transient flow and stress-induced excess pore 

pressures develop inside the slope. Excess pore water pressures dissipate over time and consolidation 

takes place. The rate of dissipation of excess pore pressures and decrease in seepage-induced pore 

pressures depend on the drawdown rate and the hydraulic conductivity and compressibility 

characteristics of the slope materials. 

If change in external water level happens without allowing the time needed for the drainage of the slope 

soils, it is called sudden or rapid drawdown (RDD). Due to rapid drawdown, slope stability will decrease 

which may lead to slope failure. 

The purpose of this paper is to investigate seepage and slope stability during rapid and slow drawdown 

depending on different rates of drawdown relative to hydraulic conductivity of slope materials using 

GEOStudio software. 

Theoretical Background 

Stability analysis of earthen embankment dam can be accomplished by different limit equilibrium 

methods for concluding the critical failure surface and, associated minimum values of Factor of safety. 

Seepage Analysis 

The seepage analysis has been performed to predict pore pressure distributions under full reservoir 

condition by steady-state seepage analysis and under drawdown condition by transient seepage analysis. 

The estimate of total quantity of seepage losses through an embankment slopes is based on the difference 

in elevation of water between the upstream and downstream side of the earthen dam along with the 

hydraulic conductivity of respective embankment material. According to the Darcy’s law, the specific 

discharge through a saturated soil medium is given by; 

q = k*i;                                                                       (1) 

Where q = the specific discharge (i.e. discharge per unit area) through the soil medium, k = the hydraulic 

conductivity of soil material, i = slope of gross available hydraulic head. Darcy’s law was initially derived 

to estimate the specific discharge for saturated soil. Later research shows that it can also be applied to 

estimate the flow of water through unsaturated soil media. The quantity of water flowing through a 

saturated soil mass as well as the distribution of water pressure can be estimated by the theory of flow of 

fluids through any porous medium. The general form of two-dimensional differential equation (Laplace 

equation) to estimate seepage is expressed as: 

(ꝺ/ ꝺx)(Kx ꝺH/ ꝺx) + (ꝺ/ ꝺy)(Ky ꝺH/ ꝺy) + Q = ꝺθw/ ꝺt (2) 

There are two basic types of seepage analysis, steady-state seepage to simulate reservoir water under full 

storage conditions and transient-state seepage to simulate drawdown in the reservoir water. The related 

mathematical formulation associated with each type is expressed as: 

Steady state seepage  

(ꝺ/ ꝺx)(Kx ꝺH/ ꝺx) + (ꝺ/ ꝺy)(Ky ꝺH/ ꝺy) + Q = 0                                  (2) 

Transient state seepage 

(ꝺ/ ꝺx)(Kx ꝺH/ ꝺx) + (ꝺ/ ꝺy)(Ky ꝺH/ ꝺy) + Q = mw γ w  (ꝺH/ ꝺt)            (3) 

where H = total available hydraulic head difference, 

        Kx= the hydraulic conductivity in the horizontal 
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 Yw = the unit weight of water. 

Limit Equilibrium Methods for Stability Analysis 

 Limit equilibrium analysis methods have been used in geotechnical engineering for many years to assess 

the stability of earthen slopes. An analysis of slope stability starts with supposition that the stability of 

the slope is governed by downward mobilized forces and upward resisting forces. The relative stability 

of slope is characterized by the term factor of safety (FOS), defined as the ratio of the summation of 

shear resistance and shear mobilized for individual slices:  

F.O.S = ∑Sresistance /∑Smobilised 

Shear strength (resistance): 

Sresistance = c + (N-μ)*tanΦ 

Shear stress (mobilized) 

Smobilised  = Wsinα 

Where c = effective cohesion ; Φ = effective frictional angle; N=Wcosα= base normal, W=the slice 

weight, μ = the pore-water pressure, α = base inclination. 

Experimental setup 

S.no Components Specifications 

01 Type of dam Zoned type earthen dam 

02 Dam height 23.86 m (FTL 515.00 m) 

03 Freeboard 3 m (TBL 518.00 m) 

04 U/s water level 20.85 m 

05 Type of materials Core –clay ; Casing - silty sand ; filter- fine 

sand , coarse sand , gravel , Boulder toe ; 

Casing cover – muroom soil; Foundation 

soil – Silty clay ;  

06 Slope of the dam U/S 2:1, 3:1, 4:1 D/S 2:1, 2.5:1 , 3:1, 4:1 

07 Thickness of filter 1m 

08 Estimation methods of vol.water content Sample functions 

09 Saturated water content 0.5 

10 Maximum suction 1000kpa 

11 Estimation method of hydraulic 

conductivity 

Van Genuchten 

13 Ky/Kx ratio 1 

14 Residual water content 0.005 

15 Rotation 00 

hw = volumetric water content of the soil, 
 t = time, Q = applied boundary flux i.e. discharge, 
 Ky = the hydraulic conductivity in the vertical y-direction,  
mw = the slope of the storage slope, 
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BOUNDARY CONDITIONS 

For Instantaneous Drawdown 

S.no Boundary conditions Kind value 

1 Upstream seepage face Water flux 0 m³/d/m² 

2 Toe drain Water total head 0 m 

3 Total head U/s Water total head 20.85 m 

4 U/s Drawdown Water total head 0m 

For slow drawdown 

S.no Boundary conditions Kind value 

1 Upstream head Water total  head 20.85 m 

2 Toe drain Water total head 0m 

3 U/s seepage condition Water total head Water total head   Time 
20.85m       0 d 

10 m      5 d 

0 m      10d 

Methodology 
To develop a numerical model by using Geoslope software, a cross section of zoned earthen dam, with 

given dimensions, was constructed. After construction of dam, FEM mesh was developed and seepage and 

stability analysis was carried out 

Initial steady state seepage analysis  

In order to perform initial steady state seepage analysis, different components of dam like core, shell and 

filter were assigned with different materials. After assigning materials, boundary conditions for upstream 

and downstream were assigned based on different drawdown conditions. 

For instantaneous drawdown analysis, upstream seepage face was assigned with water flux of 0 m3 /d/m2  

Upstream toe and toe drain were assigned with 0m of total water head value. For upstream water level total 

water head of 20.85 m was assigned. Similarly for slow drawdown analysis, upstream seepage face was 

assigned with the help of spline data point function and water total head of 20.85m was drawdown in 10 

days. 

Stability analysis 

For slope stability analysis in general, the Spencer's method has been found to provide a reasonably 

accurate result. This method satisfies both moment and force equilibrium of the sliding mass. However, a 

number of repetition are required to obtain an accurate value of factor of safety satisfying the complete 

equilibrium. 

The Spencer method is a general method of slices developed on the basis of limit equilibrium. It requires 

a satisfying equilibrium of forces and moments acting on individual blocks. The blocks are created by 

dividing the soil above the slip surface by dividing planes. Forces acting on individual blocks are displayed 

in the following figure. 
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Stability analysis for Instantaneous drawdown conditions  

For instantaneous drawdown stability analysis, instantaneous drawdown steady state seepage analysis 

analysis was used as parent file and materials properties like Cohesion, unit weight and phi were assigned 

for core and shell of the dam. 

Stability analysis for slow drawdown conditions 

For slow drawdown stability analysis, slow drawdown steady state seepage analysis was used as parent 

file and materials properties like cohesion, unit weight and phi were assigned for core and shell of the 

dam. 

Fig 1. Steady state seepage analysis. 

Results 
Change in pore water pressure in 30 days during slow drawdown conditions 

1054



Change in pore water pressure in 30 days during instantaneous drawdown conditions 
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Stability analysis 

The change in factor of safety in Rapid drawdown conditions, by different methods, is tabulated 

below 

Time (d) 
Ordinary method Jambu method Bishop method Spencer method 

0 1.5177731 1.6059765 1.8845135 1.8841364 

0.5 0.93442889 0.94456856 1.0833754 1.0407805 

1 0.98411219 1.0017495 1.1546432 1.1312895 

2 1.0019126 1.020835 1.1776748 1.1563053 

3 1.016632 1.0392746 1.1988921 1.2041471 

5 1.034029 1.0615177 1.2240569 1.2369955 

8 1.0575066 1.0898268 1.2575013 1.2551878 

11 1.0760723 1.1124379 1.2840149 1.2753036 

15 1.0924786 1.130885 1.3063502 1.3043967 

22 1.1171191 1.1598745 1.3405941 1.3358839 

30 1.1338567 1.1779475 1.362249 1.3589545 
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CONCLUSION 

After seepage and stability analysis of earthen dam under slow and rapid drawdown, following 

conclusions were proposed: 

 Factor of safety drops in both the cases but in Rapid drawdown case it drops more than slow

drawdown case but the factor of safety recovers over the time as the excess pore-water pressure

within the embankment dissipates. After 30 days the, factor of safety of Rapid drawdown case

becomes more then the slow drawdown case.

 Velocity vectors show that less water was leaving the domain via the upstream slope, and more of

the water is flowing out of the drainage filter, due to the continued presence of water in the

reservoir. As the reservoir level decreases over time, flow from the upstream face increases in both

instantaneous and slow drawdown case.

 The stability of a slope during drawdown is greatly influenced by the how fast its pore water

drains.

 Water rate or seepage through upstream face of dam in Rapid drawdown case increases for first

few hours but after 12 hours, it becomes constant. In slow drawdown case, there is sudden change

in direction of flow for first few days but it becomes constant after 10 days.

 Water pressure in the upstream side of dam, in both the conditions, decreases with time but at

the end of 30th day, the water pressure is more in instantaneous drawdown case than the slow

drawdown case.

 Exit gradient ,in the upstream side of the dam, for slow drawdown condition remains less than

the rapid drawdown condition but after 7 days , the exit gradient, in slow drawdown condition,

increases  after 10th day , exit gradient during slow drawdown becomes more than the exit

gradient during  rapid drawdown condition.

 Factor of safety was found out with the help of 4 methods. Spencer’s method and Bishop’s

method gives almost same factor of safety after 30 days.

 Use of upstream filter during rapid drawdown condition, increases its FOS for first few days but

after 30 days, the value of FOS in both with and without upstream filter cases, becomes almost

equal.

 In slow drawdown case, the FOS in both with and without filter cases, remains almost equal after

30 days.
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Abstract 

The effects of flooding on a nuclear power plant site may have a major bearing on the safety of the plant and may 

lead to a postulated initiating event (PIE) that is to be included in the plant safety analysis. Deficiencies in the site 

drainage systems may cause flooding of the site. The presence of floodwater within the plant may be a cause of 

failure for safety related systems, such as the emergency power supply systems or the electric switchyard, with 

the associated possibility of losing the external connection to the electrical power grid, which in turn may affect 

the decay heat removal system and other vital systems. Globally in the past consequent large-scale damage are 

reported due to flooding, therefore flooding hazard evaluation needs to be considered in the design of drainage 

system for site protection. In the present paper, a study has been carried out for the hydraulic design of storm 

water drainage system under critical events. The drainage system is designed for discharging floodwater 

corresponding to 100-year Mean Recurrence Interval (MRI) rainfall and adequacy check is carried out for 10000-

year MRI rainfall considering overflow within the permissible limits. In order to carry out the adequacy check of 

the drainage network, detailed 2-D numerical simulation of plant site is carried out. Drainage network is developed 

such that the utilization of the drains under the normal as well as under extreme events is maximum and the safety 

related systems and escape routes are accessible under extreme flood resulting from 1 in 10000-year precipitation. 

Keywords: drainage network, flooding, 2-D simulation 

1. Introduction

Nuclear Power Plant (NPP) site is so graded that it does not get flooded due to an event of very low 

probability. In the Indian scenario, a return period value of 1 in 10000-year precipitation for estimation 

of safe grade level of NPP is considered. The safe grade level is also estimated for the condition 

assuming U/s Dam Breach. The site drainage system is designed such that it is capable of discharging 

the flood without any overflow, resulting from 1 in 100-year precipitation on the plant site. However, 

the safety related systems and components, waste storage/management areas and escape routes or 

entrance/exit roads to safety related areas of the NPPs need to be accessible under extreme flood 

resulting from 1 in 10000-year precipitation. 

The present study has been carried out for Gorakhpur Haryana Anu Vidyut Pariyojana (GHAVP) site. 

The project site of is located in Fatehabad district of Haryana with an altitude of about 212m to 218m 

above mean sea level (MSL). The site is situated on the southern side of Fatehabad Branch Canal (FBC). 

GHAVP-1&2 site gradient is moderately flat and as such no natural drainage exists in the nearby area. 

The storm water accumulates in nearby-depressed areas from where it is pumped into the canal shown 

in Figure 1. 

The average annual rainfall of the district is 356 mm, while the 1-day maximum rainfall is 140 mm. 

The southwest monsoon sets in from last week of June and withdraws in end of September, July and 

August being the wettest months. Generally, rainfall in the district increases from southwest to northeast 

monsoon. 
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2. Background

The safe grade level of plant site is arrived considering the potential external sources of flooding at the 

plant site. Maximum flood level at NPP site is evaluated as RL 218.3m considering FBC canal breach 

coupled with 1 in 10000-year MRI rainfall. Considering safety margin, the finished grade level (FGL) 

of plant site is kept as RL 219.3m. The access roads for main plant area and escape routes are graded at 

RL 219.5m i.e. 200mm above the FGL. Building finished floor levels are further elevated by 100 mm 

i.e. RL 219.6m. The existing natural drainage pattern of the plant site is prepared based on the detailed

topographical survey using the terrain analysis and the plant layout. The trapezoidal drains, shown in

figure 2, provided on the outer and inner periphery as well between unit 1&2 and unit 3&4 of the plant

site are termed as Garland drains. The terrain being very flat and absence of natural drains/ rivers near

the study area; drains are designed to store the water in the available depressed area near the plant site.

These drains have been designed to carry the storm water that is generated within the plant area to the

Pond, located on the southern side of the plant site. The rectangular drains, shown in figure 3, provided

inside unit 1&2 of plant area are termed as storm water drains. The storm water drains are provided to

collect the storm water as per the site grading and convey the storm water to the nearest garland drain

based upon catchment delineation, shown in figure 4, of the drains. Finally, all storm water is discharged

to the pond.

Rainfall frequency analysis is carried out to estimate the extreme values corresponding to 100-year and 

10000-year MRI rainfall. Further, 24-hours rainfall data is used to determine the peak hourly rainfall 

intensity as recommend by the Corps of Engineers (USA) for the design of storm water drain. From the 

data of time-distribution pattern of actual storms, the 24-hour storm is divided into four 6-hour storm 

to evaluate the sequence of these storms to produce most critical runoff from the basins. Further, the 

maximum 6-hour rainfall of storm is broken down into shorter unit periods of upto 30 minutes. The 24-

hour rainfall is estimated as 355 mm/hr (inclusive of 15% for future climate change) corresponding to 

100 year MRI interval. Accordingly, the maximum hourly rainfall for the storm water drain is calculated 

as 125 mm/hr and Time of concentration tc, of the plant site as 1 hour, is used in the design. However, 

48-hour hyetograph (including 15% climate change) corresponding to 10000-year MRI is used to check

flood level inside main plant area.

A separate rainwater drainage system to conserve rainwater from rooftop of various buildings and 

convey to storage pond is also developed. However, rainwater from the first storm of the season shall 

be flushed just before entry to storage pond as it may have impurities. While calculating the catchment 

area of storm water drains, the rainwater harvesting/roof drain area is considered to be discharged at 

into the storm water drain at this location. The rainwater from all the other storm events after the first 

storm shall be collected by the rainwater harvesting collection system by operation of a control valve. 
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Figure 1 Layout of plant site Figure 2 Layout of garland drainage 

Figure 3 Storm water drainage layout Figure 4 Catchment Delineation 

3. Proposed Methodology

The methodologies for hydrological area drainage study & design of drainage system for site is divided 

into two parts; firstly designing the drains for 100 year MRI rainfall and adequacy check of the drainage 

network for 10000-year MRI rainfall. The design of the drainage system for 100-year MRI rainfall is 

classified into two parts; firstly, computing the total discharge that system requires to drain off and 

secondly designing the drains of required capacity and affordable maintenance.  

For the adequacy check under extreme condition, maximum flood level is evaluated for 10000-year 

MRI rainfall including climate change (CC) using 2-D MIKE FLOOD code. The free board provided 

during design for 100-year MRI rainfall is consumed and water level is allowed to overflow the drains. 

However, maximum flood levels inside main plant area covering critical entry/exit points and escape 

routes is checked and restricted below the road levels such that the safety related systems and escape 

routes are accessible under extreme floods. 

The design process may be summarized as follows: 

1. Design rainfall intensity calculation

2. Layout development

3. Catchment delineation & Runoff coefficient calculation
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4. Discharge calculation

5. Design parameter assumption

6. Velocity & Design capacity calculation

7. Velocity & discharge capacity check

8. If velocity and discharge capacity requirements are satisfied, go to next step. If requirement is

unsatisfied, go to step 5 and revisit design parameters. Even if after changing design parameter, the

requirements are not met, go to step 2.

9. Checking the adequacy of drainage network under extreme rainfall. If maximum flood level is

restricted below the permissible limit, the hydraulic design is completed. If requirement is

unsatisfied, go to step 5 and revisit design parameters. Even if after changing design parameter, the

requirements are not met, go to step 2.

4. Design of Storm Water Drain for 100-Year MRI Rainfall

Design of storm water drain for 100-year MRI rainfall is carried out using conventional method (i.e. 

Manning’s equation). 

4.1. Fundamental Equations 

The fundamental equations used in the design may be categorised into hydrologic analysis and hydraulic 

design. In the hydrologic analysis, the total discharge that the drainage system requires to drain off is 

computed. In hydraulic design, the drainage network and sizing is designed for effective disposal of 

discharge. 

4.1.1.  Estimation of surface runoff 

Discharge is calculated from the following formula: 

Q =C x I x A  (1) 

Where Q=Discharge in m3/ s, A=Catchment area in m2, C=Run-off co-efficient = 0.90 for Paved or 

Concrete area and 0.30 for Un-Paved or Grass area as per Table 6.1 of IRC SP 50 & Table 6.5 of IRC 

SP 42, I=Intensity of rainfall in mm/hr. 

4.1.2. Discharge of through any section is given by equation 

Q= V x A   (2) 

Where Q = flow rate (m3/s); V = average velocity (m/s); and A = cross-sectional area of flow (m2). 

4.1.3. The continuity equation is 

Q1 = V1 x A1= V2 x A2 = Q2   (3) 

The formula most commonly used for the calculation of steady, uniform flow in open channels is 

Manning’s Equation. This equation is used to determine the velocity of flow at a specific point in the 

channel, and therefore the variables in the equation must be representative of the point being assessed.  

Manning’s Equation is: 𝑽 =
𝟏

𝒏
∗ 𝑹

𝟐

𝟑 ∗ 𝑺
𝟏

𝟐 (4)
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Where V = average velocity (m/s), R = hydraulic radius (m), S = slope of energy line (m/m),  n = 

Manning’s roughness coefficient, the hydraulic radius R is given by A/P, Where A = cross-sectional 

area of flow (m2), P = wetted perimeter (m). 

4.2.Free Board Criteria 

Freeboard is the additional height of channel required above the height of the design flow. This allows 

for inaccuracies in data used in calculation and possible surcharge due to silt / debris build up and/or 

grass growth in the channel because of delayed maintenance of the channel. Freeboard is considered as 

per IRC-SP-50. 

Drain Size Free Board 

i) Up to 300 mm bed width 100 mm 

ii) Beyond 300 mm & up to 900 mm bed width 150 mm 

iii) Beyond 900 mm & up to 1500 mm bed width 300 mm 

4.3. Defining Hydraulic Design Parameters 

The hydraulic design parameters, in the present study, include the initial conditions of water level and 

discharge, friction coefficient (n) and output parameters options. The ‘n’ value normally adopted for 

drains are as specified in Table-5 of Bureau of Indian Standard code IS: 7784 (part I) – 2013 for lining 

material of drain as "smooth finish trowelled concrete”. The range of ‘n’ for concrete lining is specified 

as 0.011 to 0.014 with 0.013 as normal values. However, in the present study, n value of 0.015 has been 

considered conservatively. Further, the code IS: 7784 (part I) – 2013 specify in Table 2, the maximum 

permissible velocity for concrete drain is 6 m/sec for M30 or above grade of concrete. Since, concrete 

grade used is M35 for storm drains, the maximum velocity is restricted to 6 m/s. For evaluating the 

maximum velocity, Manning’s coefficient is taken as 0.013. However, for evaluating the minimum 

velocity, Manning’s coefficient is taken as 0.015 as a part of range analysis and cater for any variation 

in assumption of Manning’s coefficient. 

5. Qualification of Storm Water Drains for 10000-Year MRI Rainfall

For qualification of storm drainage network, flow in drains and rainfall induced sub-catchment flooding 

are modelled using coupled MIKE 11 and MIKE 21 code. The MIKE 21 has been dynamically linked 

to the MIKE 11 code using lateral links, into a single package called MIKE FLOOD developed at the 

Danish Hydraulic Institute (Rungo and Olesen, 2003), widely used for flood inundation studies. In the 

qualification check of drainage network, the MIKE 21 code is used for transforming the rainfall into 

discharge. The drains are provided along the roads given as per plant layout and area grading. The flows 

in the drains are 1-dimensional while the overland flow in MIKE 21 code is 2-dimensional. The two 

flows are coupled in MIKE FLOOD and the adequacy of the designed drains is evaluated. 

MIKE FLOOD 

MIKE 11 

MIKE 21 

Garland drain 

Storm water drain 

Plant site 

Rainfall-runoff 
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5.1. Design rainfall for extreme event 

Hourly Incremental Rainfalls (cm) for 10000-year return period of 48-hour duration, shown in figure 5, 

is considered in the analysis for the transforming the rainfall into discharge for the general open area. 

Figure 5 10000 Year + CC Hyetograph Figure 6 Typical discharge input to storm 

drain 

However, discharge from building roofs, which are considered in the rainwater harvesting, is calculated 

and applied as point source at the point of diversion in the storm water drain. For other buildings, the 

discharge is calculated, shown in figure 6, and applied at the nearest appropriate storm water drain as 

point source. For the rainfall on the roads, the discharge is applied as line source in the storm water 

drains. 

5.2. Flow modeling by Mike 11 hydrodynamic model 

MIKE 11 is a versatile and modular engineering tool for modeling hydrodynamic conditions in rivers, 

lakes/reservoirs, irrigation canals and other inland water systems. The hydrodynamic (HD) model is the 

nucleus of the MIKE 11 modeling system and forms the basis for simulation of flood inundation. The 

result of HD simulation consists of a time series of water level and discharges at various points along 

the river/drainage system. MIKE 11 HD provides a choice among three different flow descriptions, 

namely kinematics, diffusive and dynamic wave approaches. MIKE 11 HD solves the Saint-Venant 

equations to obtain the hydrodynamic state of the river networks. In the present study, the MIKE 11 

model setup, shown in figure 7, is prepared by defining following five input parameters: 

a. Layout of drain network

b. Cross section data definition

c. Defining hydrodynamic boundary conditions

d. Setting the HD parameters

e. Fixing the simulation parameters

5.3. Two-Dimensional flow modeling by Mike 21 HD model 

MIKE 21 HD is the basic computational hydrodynamic model of the entire MIKE 21 system. MIKE 21 

HD simulates the water level variations and flows in response to a variety of forcing functions in model 

areas. The water levels and flows are resolved on a rectangular grid covering the area of interest. MIKE 

21 system solves the full, time dependent, non-linear equations of continuity and conservation of 

momentum (Equations 5 and 6). 
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(5) 

(6) 

Where, ζ= surface elevation (m), t = time (sec), p= flux density in x direction (m3/s/m), x, y = space 

coordinates (m), d = time varying water depth (m), h = water depth (m), g= acceleration due to gravity 

(m/s2), C= Chezy resistance coefficient (m1/2/s) (in the model resistance may also be defined using 

Manning’s coefficient and the equation is transformed accordingly), Ωq= Coriolis parameter (s-1), ρw 

= density of water and f(V) = wind friction factor. 

For 2-Dimensional modeling in MIKE FLOOD, the terrain/topography is defined using digital elevation 

model (DEM) and is referred as bathymetry, one of the basic parameter in model set up. The spot survey 

data of plant site is used for the preparation of DEM, over which plant layout is overlaid & DEM is 

modified suitably as per the area grading for the plant site (structures, roads etc.). The Finished Grade 

Level (FGL) of the main plant area is raised upto RL 219.3m to account for extreme external flood 

event.  The DEM for the entire study area, shown in figure 8, is developed at 4 x 4 m grid resolution. 

The solution is resolved using an implicit finite difference scheme of second order accuracy. MIKE 21 

includes a special statistical feature for inundation mapping. MIKE 21 model has many basic input 

parameters like; bathymetry, simulation period, boundary, source and sink, mass budget, flood &dry 

and hydrodynamic parameters like; initial surface elevation, boundary, source and sink, eddy viscosity, 

resistance, wave radiation, wind condition etc. In the present study, parameters defining bathymetry, 

point source, precipitation initial surface elevation, flood and dry thresholds have been used. Manning’s 

roughness coefficient for the entire model is considered as 0.05. The computational time step (Δt) is set 

to 0.2 seconds and drying depth and flooding depth is considered as 0.04m and 0.05m respectively. 

Figure 7 Mike 11 drainage network model Figure 8 Digital Elevation Model of plant site 
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6. Results and Discussions

For initial analysis, the surface drains are designed for 100-year MRI rainfall using conventional method 

and the network efficiency is checked for 10000-year MRI rainfall (including climate change) using 2-

D flood simulations. Based on the water levels inside the drain, drainage patterns and inundation level 

of the plant area the drainage system is redesigned. The design is repeated until the intended requirement 

is met. Maximum flood depth and maximum flood elevation for the simulations are shown in the figure 

9 and figure 10 respectively. From the figures, it may be inferred that, though the drains are overflowing 

under the extreme event, the access road covering critical entry/exit points and escape routes is checked 

and maximum flood level is restricted below the road levels. 

Development of drainage network is iterative process and involves the judicious engineering judgement 

and planning for effective drainage system. The problem becomes many fold, if the clash free gravity 

network is to be provided in space constrained area. However, using the approach as discussed in 

preceding sections, it is seen that the using the advance methodology, improved utilization of space and 

effective drainage system is achieved for both design and extreme events. 

Figure 9 Maximum water depth Figure 10 Maximum surface elevation 

7. Conclusion

Design of a proper drainage system is the perquisite for any industrial development for its safe and 

sustainable operation. The importance and hazards associated with the nuclear power plant further 

demand more robust drainage design. Based on the hydrological study & design of drainage system of 

the site, it can be said that the drainage system is designed effectively for design rainfall as well as 

escape routes or entrance/exit roads to safety related areas of the NPPs are accessible under extreme 

flood. 
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Abstract 

The assessment of impact of climate change on design wind is necessary in view of growing concerns of the 
designers of ocean structures about safety of their designs. This study is aimed at evaluating the design, i.e., 
100-year return, wind speed at twelve major port locations of India considering future cyclones affected by
climate change. This work goes beyond earlier attempts in this regard in which future cyclonic events were not
considered. The historical and futuristic wind data of around 3 decades each were derived from a global climate
model: CanESM2 that was earlier run for two global warming scenarios called representative concentration
pathways (RCP)-4.5 and RCP-8.5. This wind information is however devoid of the effect of cyclones. Hence
historical cyclones were embedded in these wind data and annual maximum wind speeds were evaluated. As
regards the futuristic conditions, the annual maximum wind from the climate model was increased by 7 and 11
% until the end of this century to include future cyclonic winds, which was as per earlier studies reported in the
literature. The generalized extreme value distribution was fitted to historical as well as futuristic sets of data and
100-year return wind speeds were extracted. The results showed that the design wind derived from futuristic
conditions could be higher or lower than the one based on historical conditions depending on the location of
interest. This study thus emphasizes site specific evaluation of design wind under changing climate.

Keywords: Climate change: tropical cyclones: generalised extreme value distribution 

1. Introduction

Ports and harbours play an important role in the development of a country's economy. The entire 
trade and commerce can get affected if port operations are hindered by say severe storms or storm 
surge. Attempts should therefore be made to account for these environmental hazards by accurate 
estimation of future climate. Also, ports and harbours are extremely expensive to build and further, 
even a small change in their design parameters related typically to wind and wave can significantly 
affect the entire project cost. Therefore, the planning and designing of these structures call for precise 
values of environmental parameters, including wind speed and significant wave height over the future 
period. 

One of the important parameters in the design of sea structures is design wind speed, which is 
commonly considered as one having 100 years' return period. Traditionally such wind speeds are 
evaluated for a given site by carrying out statistical analysis of historical data collected either 

instrumentally or through numerical climate models. There are however growing concerns world 
over that the future climate will be significantly different than the past one (Church et al., 2013) and 
hence extrapolation of past wind data may not produce accurate predictions (Jain and Deo, 2019). 

The climate change, as per United Nations Framework Convention on Climate Change (UNFCCC 
2006) stands for "A change of climate which is attributed directly or indirectly to human activity that 
alters the composition of the global atmosphere and which is in addition to natural climate variability 
observed over comparable time periods." The prediction of future climate can be done through the 
estimated global warming and society's response to it. This is stated in terms of representative 
concentration pathways (RCPs). There are four such RCPs specified as per the severity of the 
conditions assumed in them (Church et al., 2013). 

Derivation of the design wind requires statistical analysis of wind data. Various statistical analysis 
techniques are available to analyse the extreme values of a given time series. The probability 
distributions forming the basis for this, include generalized extreme value (GEY) distribution, 

Evaluation of Design Wind based on Projected Cyclonic Conditions
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generalized Pareto distribution (GPD), Gumbel distribution, and Weibull distribution. While the 
distributions have sound theoretical basis, their application is empirical and further, site-specific. The 
fitting of these distributions to data is done either using full series of wind speeds or by selecting a 
few higher values, which is called peak-over-threshold selection, or only annual maximum values. 
Generally the annual maximum values fit better to the GEY distribution than others including the 
GPD (Teena et al. 2012), although difference in the results can occur; for example, Niroomandi et al. 
2018) found that the 100-year return period values evaluated from the annual maxima distribution 
fitted to GEY provided higher values when compared with peak over threshold method. Further, the 
annual maxima values of particularly the significant wave heights fitted using the GEY distribution 

predicted higher values at both the eastern and western Indian seas when compared with GPD (Naseef 
et al. 2019). 

The design wind represents extreme conditions and hence cyclonic occurrences affect it significantly. 
Cyclones are a rotating and organized system of wind that originate over tropical or subtropical waters 
and has a closed low-level circulation. Their development starts with tropical depression and then 
intensifies into a storm or severe cyclonic storm if certain conditions are satisfied (IMD 2013). As per 
IMD (2013) for Indian subcontinent domain, most of the cyclones move along north-westerly 
direction, however there are cases of re-curvature towards the northeast or east to southwest. The 
probability of this phenomenon is higher in Arabian Sea. The frequency of tropical cyclones in the 
Bay of Bengal during late monsoon season would increase as per Unnikrisnan et al. 2011). Sanil 
Kumar et al. (2003) had attempted to establish an empirical and site-specific relationship between the 
significant wave height and maximum wind speed during cyclones. 

Consideration of cyclonic conditions to derive the design wind and waves at a series of sites along the 
Indian coastline was earlier attempted by Jain and Deo (2020). This work derived design winds based 
on past wind data that incorporated cyclonic winds, but did not account for future cyclonic events. 

Hence in this work we have made an attempt to obtain the 100-year wind speed or the design wind 
near major ports oflndia based on projected cyclones into the future affected by climate change. The 
percentage change in the design values obtained based on historical and futuristic data is derived to 
check if this design parameter is going to increase or decrease with time. The port co-ordinates were 
selected near the port area within the water depths of 10 m to 20 m. The projected wind data were 
obtained from a regional climate model (RCM) CanESM2 for the medium global warming scenarios 

of RCP-4.5 and RCP-8.5 representing moderate and severe situations. The annual maximum values of 
these data-sets were used to fit the GEY to derive the 100-year return values. The aim of this study is 
thus to evaluate design wind speeds near the major port locations of India considering the future 
cyclones affected by climate change. 

2. Materials and methods

2.1 Study locations 

The coastal locations of the study are selected such that they are as close to the port structures as 
possible and lay within water depths varying from 10 m - 20 m. Figure 1 shows the key map while 

Figure 2 indicates the individual sites. 
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Figure 1 The port locations along the Indian coastline. (Source: Google Earth Pro, downloaded on 
18/08/2020) 

2.2 Methodology 

The procedure followed to estimate the design wind speed is as follows: 

(i) Obtain appropriate latitude and longitude coordinates at the port locations within 10 m 20 m water
depths.

(ii) Obtain the hindcasted wind climate for past time slice of 27 years covering 1979 to 2005. (The
cut-off of the year, namely, 2005 was as per the RCM data classification). This was done for both
normal wind and cyclonic-normal combined wind conditions.

(iii) Obtain the projected wind data for the future time slice of 45 years covering 2006 to 2050 by
linearly increasing the projected RCM data (neglecting cyclonic conditions) by 7 % and 11 %
representing medium and extreme climate change scenarios by the year 2100 as reported by IPCC
(2014a, b) report and Knutson (2010).

(iv) Calculate the annual maximum values of the wind speeds obtained for both past and future winds.

(v) Thus, we have 3 sets of data namely: (a) past wind with cyclonic speeds, (c) future wind increased
by 7% (i.e., including cyclonic conditions), ( d) future wind increased by 11 % (i.e., including cyclonic
conditions).

(vi) Fit the GEV distribution to the above different cases.

(vii) Derive design wind speed at each selected location.

(viii) Compare the past and future data-based design wind speeds.
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Figure 2 Study locations near different major ports: (a) Kandla, at 150 km from the port in water 
depth of 16.1 m; (b) JNPT & Mumbai, at 28 km & 16 km from the JNPT & Mumbai port in water 
depth of 13m & 16m, respectively; ( c) Mormugao, at 7.35 km from the port in water depth of 17 m; 
(d) New Mangalore, at 7 km from the port in water depth of 11 m; (e) Cochin, at 12 km from the port
in water depth of 14 m; (f) Tuticorin, at 9.5 km from the port in water depth of 16 m; (g) Chennai &
Ennore, at 4.5 km & 3 km from the Chennai & Ennore port in water depth of 18.3m & 19.93m,
respectively; (h) Vizag, at 3 km from the port in water depth of 17 .19 m; (i) Paradip, at 5 km from the
port in water depth of 16 m; (j) Haldia, at 89.5 km from the port in water depth of 8.8 m. (Source:
Google Earth Pro, downloaded on 05/06/2020)
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2.3 Wind data 

The historical and projected wind data were downloaded from the second-generation Canadian Earth 

System Model (CanESM2) of Canadian Centre for Climate Modelling and Analysis (CCCMA) 

(CCCMA, 2019) tuned for the south Asian region. The CanESM2 wind comes under the umbrella of 

a modelling experiment called: 'Coordinated Regional Climate Downscaling Experiment (CORDEX) 

targeted for South Asia (http://cccr.tropmet.res.in/cordex). The daily wind data of the CanESM2 RCM 

resulted from process-based downscaling of corresponding parent general circulation model (GCM). 

The variation in mean and extreme wind over the entire Indian coastline was earlier evaluated by 

Kulkarni et al. (2016) based on 10 GCMs and their multi-model ensemble and the same were further 

compared with reference reanalysis data, which showed an excellent performance of CanESM2 data. 

The result of this climate model belonging to a moderate and a severe global warming scenario, called 

RCP 4.5, and RCP-8.5 were used. RCP-4.5 implies that by the end of this century the earth can face 

the forcing level of 4.5 Watts/m2 with the temperature increase of 2.4°C while corresponding values 

for RCP-8.5 situations are 8.5 Watts/m2 and 4.9° C, respectively. More details of these scenarios can 

be seen in (Wayne, 2013, IPCC 2014a) 

Considering the fact that for designing structures around 30 years' data are necessary (Mori et al. 
2013), the time slice of27 years in the past and 45 years in the future was considered. The choice of 
these durations was governed by availability of reanalysis data for bench marking as described 
subsequently. The historical data thus belonged to years: 1979-2005 while the future time slice 
pertained to 2006-2050. Note that 2005 is regarded as the cut-off year in GCMs simulations 
(European System for Earth System Modelling Portal, 2011, Vuuren et al. 2011, Knutti and Sedlacek, 
2013). The spatial resolution of the wind was 2.7906° x 2.8125°. 

The climate model data have modelling and computational limitations and this is counteracted by 
bench marking them with standard data. For this purpose, we have used the method of quantile 
mapping (Li et al. 2010) which is based on equating the cumulative distribution function of a given 
approximate dataset with that of a more reliable one. The dataset used as standard reference was the 
re-analysis wind data from European Centre for Medium-Range Weather Forecasts Re-Analysis 
(ECMWF, 2018). The data had resolution of 0.5° x 0.5° at every 6-hr interval. The CanESM2 wind 
data were required to be re-gridded due to its different spatial resolution than that of the ERA-5 wind 
data and this was achieved through bi-linear interpolation (Dragani et al. 2010). 

The historical wind data including the cyclonic conditions was same as per Jain and Deo (2020) in 
which authors had used the best track data of past 'cyclonic storm' and 'severe cyclonic storm' from 
the India Meteorology Department (IMD) and the Joint Typhoon Warning Centre (JTWC). The 
Surface Modelling System (SMS) software of advanced circulation (ADCIRC) modelling system 
based on Holland's pressure distribution equation (Holland 1980) was used by these authors to get the 
zonal (u) and meridional (v) components of the cyclonic wind. 

As regards the future wind data, cyclonic conditions were incorporated as follows. As per IPCC 

(2014a, b) report, an increase in the maximum wind speed in the northern Indian Ocean would be in 
the range of 2 mis to 8 mis. Such intensification corresponded to 2 % to 11 % increase in the mean 
maximum wind speed based on mild to severe warming situations as per Knutson (2010). Recently 
Rao et al., (2015) used such wind intensification in their storm surge related study along the Indian 
coastline. Based on these studies, a moderate situation of 7% increase in the maximum wind and 
severe situation of 11 % in the same was assumed in this work. Hence the future wind speed was 
increased by 7% and 11 % up to the year 2100 at our study locations to include corresponding climate 
change scenarios. 
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Thus, we obtained the annual maximum wind speeds with cyclonic conditions for both historical and 
future time slices for their further fitting to the GEY distribution. 

2.4 Generalised extreme value (GEV) distribution 

Generally, the maxima of samples of size n, are fitted to one of the three distributions named Fisher
Tippet Type I or Gumbel distribution, Fisher-Tippet Type II or Frechet distribution and Fisher-Tippet 
Type III or Weibull distribution. These distributions were combined by Von Mises (1936) and by 
Jenkinson (1955) into the single distribution of GEY. This distribution is commonly applied to annual 
maxima values rather than other extremes like daily or monthly maxima (Naseef et al. 2019). The 
GEY is given by: 

k=!:-0 

k=O 

(1) 

Where, k = the shape parameter that determines the type of distribution and its higher magnitude 
indicates fatter distribution tails, a = the scale parameter that gives the degree of spread along
abscissa and /J = the location parameter that locates the position of mode or density function along 
abscissa. These parameters can be estimated by the methods of probability weighted moments (PWM) 
or maximum-likelihood. In this study the former PWM method was used as it provides better fit for 
small length distributions (Hosking et al. 1985). The GEY distribution can take the form of Gumbel, 
Frechet or Weibull distributions depending on the k value being 0, positive or negative, respectively. 

2.5 Estimation of 100-year return values 

The 100-year return value for GEY distribution is given as (Palutikof et al. 1999): 

_ {/3 +H1-[-zn(1-f)t}, k * o
Xr -

f3 - aln [-zn ( 1 
-
f)] , k = 0 

(2) 

Where, Xr is T-year return value and k, a, f3 are GEY distribution parameters. 

There are two common alternative software protocols, namely W AFO, that is the waves-specific and 
Easy Fit that is general, available to fit the GEY distribution and obtain the design value. The W AFO 
(Wave Analysis for Fatigue and Oceanography) toolbox of Matlab is tailored for statistical analysis 
and simulation of waves and loads (Brodtkorb et al. 2000; W AFO-group. 2000). The Easy Fit version 
5.6 is a general data analysis and simulation software to fit probability distributions to sample data 
and also to use the best fitting methods (EasyFit - Distribution Fitting Software, 2017). In this work 
we have employed both of these in order to take advantages of each and used the mean for further 
analysis. 

3. Results and Discussion

As mentioned in the preceding sections the design wind speed is calculated using GEY. The annual 
wind speed is linearly increased up to 7 % and 11 %, starting from the base period of 2006 and as per 
the moderate and severe scenarios, respectively. 

The design wind speed as per past (including cyclones) and as per future wind (7% increase, i.e., 
including cyclonic conditions) as well as the percentage difference across them are mentioned in 
Table 1. It can be observed that the futuristic data-based design wind speed would be significantly 
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higher at Kandla, JNPT and Mumbai of the west coast while it will be moderately lower at other 
places of the Indian coast with the exception of Ennore. The east coast sites show smaller percentage 
difference compared to the west coast sites. Although the design wind magnitudes are lowest at 
Kandla, the% increase in it could be the highest at 38 %. Similarly, the magnitude of design winds, 
highest among all at Chennai, may get slightly reduced in future by around 4 %. Cochin, Tuticorin 
and Paradip may see slightly more than 10 % lowering in the design wind. 

Thus, as we move anticlockwise from the northern end of the west coast and along the Indian 
peninsular coastline, we find that the design wind in the future calculated from the projected climate 
incorporating cyclonic conditions would be considerably higher at Kandla, JNPT, and Mumbai when 
compared to cyclonic past wind conditions. The same would have negligible change at Mormugao 
and New Mangalore port, while the Cochin, Tuticorin, Chennai, Ennore, Vizag, Paradip and Haldia 
ports may show a reduction in the value. 

In general, the increase in wind into the future around the Indian seas was earlier observed by 
Kulkarni et al, 2016). This could be due to the rise in wind intensity, circulation, more storms coming 
from Southern Ocean (Dobrynin et al., 2012, Bhaskaran et al., 2014) and north-eastern Shamal winds 
(Abbobacker et al., 2011) while the decrease could be due to local features like change in local wind 
circulation, proximity to complex shoreline, shifting of storms, changes in air pressures or sea breeze 
in future (Jain and Deo, 2020). 

It is known that the trend of change in the extreme values need not be followed by the average ones; 
however to see if there is any correspondence between them at these sites, average wind speeds were 
calculated separately for both past and future samples of wind speeds involved and the difference 
across them was observed as in Figure 3. We find that the trend shown by the mean wind is followed 
by that of the design wind at Kandla, JNPT, Mumbai, Cochin, Ennore, Vizag, Paradip and Haldia, but 
not at Mormugao, New Manglalore, Tuticorin and Chennai. The rise of both mean and extreme wind 
indicates larger number of high winds with or without that of rise in lower magnitude speeds. On the 
contrary if, the extremes rise but not the mean then it may indicate that the rise in higher winds is 
associated with reduction in the magnitudes of the low value winds. 

Table 1 Cyclonic past & future (7% increase) design wind speed near major ports of India and their 

percentage difference.

Port 
Design Wind Speed 

𝑚⁄𝑠  
Cyclonic Past 

Design Wind Speed 
𝑚⁄𝑠  

Future (7% increase) 

Percentage Difference 
(%) 

14.74 20.29 37.67
16.87 21.54 27.66
16.78 21.40 27.55
23.95 22.91 -4.32
25.33 23.59 -6.87
24.90 21.21 -14.83
23.27 20.01 -13.98
27. 5 26.33
25.72 26.12

-4.41
1.55

24.22 22.47 -7.21
25.59 22.56 -11.83

Kandla
JNPT
Mumbai
Mormugao
New Mangalore 
Cochin
Tuticorin
Chennai
Ennore
Vizag
Paradip
Haldia 24.33 21.98 -9.66
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Figure 3 Percentage difference of cyclonic past & future (7% increase) average values of annual 
maximum wind speed at major ports oflndia. 

While interpreting the above mentioned design winds it may be remembered that in this work 
although the past cyclonic events considered are real, the futuristic cyclonic conditions are accounted 
for only through an empirical rise in the maximum wind by the end of this century as indicated in the 
past studies, since it is indeed very difficult to know the future cyclonic parameters including time of 
occurrence, radius of maximum wind, track followed, area of influence and landfall area. Further, 
although the locations have been selected adjacent to the major Indian ports, the wind data had a low 
resolution and thus the represent averages over very wide areas. 

Table 2 Cyclonic past & future (11% increase) design wind speed near major ports of India and their 
percentage difference. 

Port 
Design Wind Speed 

𝑚⁄𝑠  
Cyclonic Past 

Design Wind Speed 
𝑚⁄𝑠  

Future (11% increase) 

Percentage Difference 
(%) 

Kandla 14.74 21.16 43.55
JNPT 16.87 22.48 33.21

16.78 22.35 33.16
23.95 23.98 0.13

25.33 25.05 -1.12
24.90 21.49 -18.76
23 27 20.87 -10.29

27.55 26.45
25.72 26.25

-3.97
2.10

24.22 23.61 -2.50
5.59 24.08 -5.89

Mumbai
Mormugao

New Mangalore 
Cochin
Tuticorin

Chennai
Ennore

Vizag
Paradip
Haldia 24.33 23.09 -5.09

The above discussion pertained to the case of moderate warming scenario.  For the severe warming 
case, the change in the design speed is given in Table 2. By comparing Tables 1 and 2 we can find 
that the type of change would remain same except the rise in the magnitude of the change, as 
expected.  At Kandla, JNPT and Mumbai the increase could be around 44 % and 33 %, 33%, 
respectively.  At Cochin and Tuticorin the lowering in the design wind could be around 19 % and 10 
%, respectively with this scenario. 
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4. Conclusions

The preceding sections described an effort to understand what happens if the 100-year return or 
design wind speeds near India's major port areas are calculated on the basis of projected wind climate 
instead of the traditional method of historical wind climate. The specialty of this work is the 
accounting of the impact of climate change involving cyclonic winds for both past and future cases. 

It is found that as we move anticlockwise from the northern end of the west coast to that of the east 
coast and along the Indian peninsular coastline, the futuristic design wind would be considerably 
higher at Kandla, JNPT, and Mumbai as compared with past wind conditions. But the same would 

have negligible at Mormugao and New Mangalore port, while the Cochin, Tuticorin, Chennai, 
Ennore, Vizag, Paradip and Haldia ports might have reduction in the design wind. The east coast sites 
may show smaller percentage difference across the two methods of calculating the design wind 
compared to the west coast sites. 

This study thus highlights the fact that for future design of ocean or sea structures, consideration of 
projected wind climate with cyclonic situations is necessary in place of the past one for structural 
safety and efficiency. Although the method used herein to evaluate the futuristic design wind is 
empirical in nature, until rigorous way to predict future cyclonic parameters become available, the 
same can be adopted. 

References 

Aboobacker V M, Vethamony P and Rashmi R, (2011). Shamal swells in the Arabian Sea and their influence 
along the west coast oflndia, Geophysical Research Letters, 38 (2011) L03608. doi: l,029/2010/10GL045736. 
Bhaskaran P K, Gupta N and Dash M K., (2014). Wind-wave Climate Projections for the Indian Ocean from 
Satellite Observations, Marine Science - Research and Development, (2014) . 
http://dx.doi.org/10.4172/2155-9910.Sl 1-005. 
Brodtkorb, P.A., Johannesson, P., Lindgren, G., Rychlik, I., Ryden, J. and So, E. (2000). WAFO - a Matlab 
toolbox for analysis of random waves and loads, Proc. 10th Int. Offehore and Polar Eng. Conj, Seattle, USA, 
Vol III, pp. 343-350 
Church JA, Clark PU, Cazenave A, Gregory JM, Jevrejeva S, Levermann A, Merrifield MA, Milne GA, Nerem 
RS, Nunn PD, Payne AJ, Pfeffer WT, Stammer D, Unnikrishnan AS (2013) Sea level change. In: Stocker TF, 
Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds) Climate 
change 2013: the physical science basis. Contribution of working group I to the fifth assessment report of the 
intergovernmental panel on climate change. Cambridge University Press, Cambridge, United Kingdom and New 
York, NY, USA. 
Dobrynin M, Murawsky J and Yang S, (2012). Evolution of the global wind wave climate in CMIP5 
experiments, Geophysical Research Letters, 39 (2012) Ll8606. doi:10.1029/2012GL052843. 
Dragani W C, Martin P B, Simionato C G, and Campos M I, (2010): "Are wind wave heights increasing in 
south-eastern South American continental shelf between 32°S and 40°S?", Continental Shelf Research, Vol 30, 
Issue 5: 481-490. 10.1016/j.csr.2010.01.002 
EasyFit - Distribution Fitting Software (2017) I MATHWAVE data analysis & simulations Retrieved from 
http://www.mathwave.com/ on 23/09/2019. 
ECMWF (2018). Copernicus Climate Change Service (C3S) Climate Data Store. ERAS hourly data on pressure 

levels. https://doi.org/10.24381/cds.bd0915c6 
CCCMA (2019). Environment Canada - Climate Change - CCCMA: CanESM2 I CGCM4 model output. 
http://climate-modelling.canada.ca/climatemodeldata/cgcm4/ CanESM2/ rcp45/ index.shtml, retrieved on 
20/09/2019 
European System for Earth System Modelling Portal (2011), CMIP5 Data Structure. 
https://portal.enes.org/data/enes-model-data/cmip5/datastructure on 05/10/2019. 
Holland, G. J. (1980). An analytic model of the wind and pressure profiles in hurricanes. Monthly Weather 
Review, 108(8), 1212-1218. 
Hosking, J. R. M., Wallis, J. R., & Wood, E. F. (1985). Estimation of the generalized extreme-value distribution 
by the method of probability-weighted moments. Technometrics, 27(3), 251-261. 
IPCC (2014a), Climate Phenomena and their Relevance for Future Regional Climate Change. Sec. 14.6, 
Chapter14, pp 1248-51. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group 

1077



I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change Cambridge University 
Press, Cambridge, U K. 
IPCC (2014b), "Climate Phenomena and their Relevance for Future Regional Climate Change - Supplementary 
Material'', Sec. 14SM.4, pp 14SM-8- 14SM-9. In: Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change Cambridge University Press, Cambridge, U K. 
Jain, P. and Deo, M. C. (2020). "Future Changes in the Long Term Significant Wave Heights at Indian Coasts". 
Indian Journal of Geo-Marine Sciences. 49(09), 1513-1520 
Jenkinson, A. F. (1955). The frequency distribution of the annual maximum (or minimum) values of 
meteorological elements. Quarterly Journal of the Royal Meteorological Society, 81(348), 158-171. 
Knutson, T. R., McBride, J. L., Chan, J., Emanuel, K., Holland, G., Landsea, C., ... & Sugi, M. (2010). Tropical 
cyclones and climate change. Nature geoscience, 3(3), 157. 
Knutti, R., & Sedlacek, J. (2013). Robustness and uncertainties in the new CMIP5 climate model projections. 
Nature Climate Change, 3(4), 369. 
Kulkarni S, Deo M C, and Ghosh S (2016): Evaluation of wind extremes and wind potential under changing 
climate for Indian offshore using ensemble of 10 GCMs, Ocean & Coastal Management 121, 141-152. 
http://dx.doi.org/10.1016/j .ocecoaman.2015 .12.008 
Sanil Kumar, V. S., Mandal, S., & Kumar, K. A. (2003). Estimation of wind speed and wave height during 
cyclones. Ocean engineering, 30(17), 2239-2253. 
Li H, Sheffield J, and Wood E F (2010): Bias Correction of Monthly Precipitation and Temperature Fields. 
Intergovernmental Panel on Climate Change AR4 Models 
https://agupubs.onlinelibrary.wiley.corn/doi/10.1029/2009JD0 12882 
Mori N, Shimura T, Yasuda T, and Mase H (2013): Multi-model climate projections of ocean surface variables 
under different climate Scenarios-Future change of waves, sea level and wind. Ocean Engineering, 71, 122-129. 
https://doi.org/10.1016/j .oceaneng.2013.02.016 
Naseef, T. M., Kumar, V. S., Joseph, J., & Jena, B. K. (2019). Uncertainties of the 50-year wave height 
estimation using generalized extreme value and generalized Pareto distributions in the Indian Shelf seas. Natural 
Hazards, 97(3), 1231-1251. 
Niroomandi A, Ma G, Ye X, Lao S, and Xue P (2018): Extreme value analysis of wave Climate in Chesapeake 
Bay, Ocean Engineering, 159: 22-36. 
https://doi.org/10.1016/j .oceaneng.2018.03 .094 
Palutikof, J. P., Brabson, B. B., Lister, D. H., & Adcock, S. T. (1999). A review of methods to calculate extreme 
wind speeds. Meteorological Applications, 6(2), 119-132. 
Rao A D, Poulose Jismy ,Upadhyay Puja , Mohanty Sachiko, (2015). Local-Scale Assessment of Tropical 
Cyclone Induced Storm Surge Inundation over the Coastal Zones of India in Probabilistic Climate Risk 
Scenario. Ocean Science Journal. Springer International Publishing Switzerland 2015 DOI: 10.1007 /978-3-319-
25138-7 _8.lliif 
IMD (2013). Regional Specialised Meteorological Centre for Tropical Cyclones Over North Indian Ocean, India 
Meteorological Department Ministry of Earth Sciences, GOI, (2013) Retrieved from 
http://www.rsmcnewdelhi.imd.gov.in/index.php?lang=en on 11/09/2019. 
Sanil Kumar, V., Mandal, S., Mulik, M. A., & Patgaonkar, R. S. (2001). Estimation of wind speeds and wave 
heights from tropical cyclones during 1961 to 1982. Technical Report, National Institute of Oceanography, 
NIO/TR-3/2001, 85 p. 
Teena N V, Sunil Kumar V, Sudheesh K, and Sajeev R (2012): Statistical analysis on extreme wave height, 
Natural Hazards, 64:223-236. 10.1007 /s 11069-012-0229-y 
UNFCC (2010). United Nations Framework Convention on Climate Change Handbook, 
https://unfccc.int/resource/docs/publications/handbook.pdf on 06/10/2019. 
Unnikrishnan, A. S., RameshKumar, M. R., & Sindhu, B. (2011). Tropical cyclones in the Bay of Bengal and 
extreme sea-level projections along the east coast of India in a future climate scenario. Current Science, 
vol.101(3); 2011; 327-331 
Von Mises R (1936) La distribution de la plus grande de n valeurs. Reprinted in selected papers volume II 
American mathematical society, providence R I, 1954, pp 271-294 
Vuuren Van, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., ... & Masui, T. (2011). 
The representative concentration pathways: an overview. Climatic Change, 109(1-2), 5. 
WAFO-group (2000). WAFO - A Matlab Toolbox for Analysis of Random Waves and Loads - A Tutorial. 
Math. Stat., Center for Math. Sci., Lund Univ., Lund, Sweden. ISBN XXXX, URL 
http://www.maths.lth.se/matstat/wafo. 
Wayne G P  (2013): The beginner's guide to Representative Concentration Pathways, Skeptical Science, URL 
https://denning.atrnos.colostate.edu/ats760/Readings/RCP Guide.pdf 

1078



Head loss prediction at the water tunnel and shaft junction 

Shantaram Patil1, Shyam Shukla2, Ravindra Birajdar3  

1Kirloskar Brothers Ltd, Pune-411002, India. 
2 Kirloskar Brothers Ltd, Pune-411002, India. 
3 Kirloskar Brothers Ltd, Pune-411002, India. 

Email: shantaram. patil@ kbl.co.in 

Abstract 

In fluid flow through water tunnels of storm water system, friction losses consist of the major losses and minor 

losses. Generally, minor losses are ignored for the system head calculations as they are considered negligible. 

Minor losses are calculated using the standard resistance factor and velocity head. However, in case of water 

tunnels and shaft junction, the losses could not be calculated, as no specific literature available. There are two 

approaches to estimate the losses. In first approach, losses at each tunnel junction are estimated with entry and 

exit loss formulation while in second approach they are considered as negligible. Both the approaches lead to 

deviations from actual losses especially when number of intermediate tunnel junctions are more. In first approach, 

the predicted head loss is higher while in second approach, it predicts lower head loss. In case of the long tunnels, 

carrying water from the farthest point of catchment area to pump house, the number of junction points can be 

many. Hence, total loss across the junctions would be significant. In this paper, an attempt has been made to find 

out the friction losses across the tunnel and shaft junction using CFD analysis technique. The paper demonstrates 

that these losses would lead to incorrect estimation of pump suction water level and result in pumping operation 

away from its best efficiency point (BEP). It has been found that deviation in predicting such losses could be 

detrimental for the estimation of water levels and sump bottom levels. 

Keywords: Minor head loss; Tunnel and shaft junction; Computational Fluid Dynamics; Submergence; Pump. 

1. Introduction

In storm water pumping system, flow and total head is an important parameter for the sizing and 

selection of the pump.  System flow sizing typically depends on the water drain requirement in the 

catchment area for which the pumping system is proposed. Total head for the pump constitutes mainly 

of static head and friction head. The static head is estimated based on the difference between the water 

level of intake point and the delivery point. In the pumping system static head remains constant unless 

there is a change in water levels. Friction head for the pumping system is dynamic component of the 

total head and it changes as per changes of flow in system. The correct estimation of flow and head is 

required for the proper selection of pump to meet the system requirement.  Out of these two parameters, 

flow sizing of the system is relatively simple task; however, estimation of friction components is a 

tedious task as it involves various factors and formulations. The selection of correct formulation for 

estimating the head plays a vital role while sizing the total head for the pump.  The correct estimation 

of the head leads to the operation of the pump near best efficiency point (BEP). The system resistance 

curve intersects the pump duty point near BEP. This helps to ensure trouble-free and efficient operation 

of the pumping system (ANSI / HI 9.8 1998), otherwise any improper pump selection shortens life of 

the pump and leads to operational trouble and frequent maintenance issues. 

2. Brief about friction losses

In this section, the friction losses are briefly explained and then, specific approaches for calculating the 

friction losses of tunnel - well junction are explained. In fluid flow, friction loss is the loss of pressure 

or “head” that occurs in pipe or duct flow due to the effect of the fluid's viscosity near the surface of the 

pipe or duct. Friction loss, which is due to the shear stress between the pipe surface and the fluid flowing 

within, depends on the velocity of flow and the physical properties of the system. All these factors 

affecting the friction loss can be defined with dimensionless parameters known as Reynolds Number. 

It is a ratio of the inertia force to viscous force. Reynolds numbers define the type of flow characteristic. 
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If Reynolds number is less than 2000, for pipe flow, then the flow is laminar.  However, if Reynold 

number is more than 4000, then the flow is known as turbulent flow. In many practical engineering 

applications, the fluid flow is rapid, therefore the flow becomes turbulent rather than laminar. Under 

turbulent flow, the friction loss is found to be directly proportional to the square of the flow velocity 

and inversely proportional to the pipe diameter, that is, the friction loss follows the 

phenomenological Darcy–Weisbach equation (White 2011). Like other types of water conveyance 

systems, water tunnels are also subjected to losses. The overall head loss for the pipe system consists 

of the head loss due to viscous effects in the straight pipes, termed the major loss.  This major loss in 

straight uniform pipe sections are calculated by the Darcy Weisbach equation. 

The head loss in various pipe components, such as pipe fittings, bends, tee junction, entry and exit for 

tanks, coupling, valves, etc. are termed as “minor loss”. Minor losses in pipes come from changes in 

the direction of flow (pipe bends) and presence of associated components in a pipe system. This is 

different from major losses, because those come from friction in pipes over long spans. If the pipe is 

long enough the minor losses can usually be neglected as they are much smaller than the major losses. 

However, if pipe length is short with relatively lower diameter, the minor losses can also be significant. 

They can also be significant due to operational requirement, for example when a valve is throttled and 

allowing less opening, orifice plate, short pipe with many bends in it. Minor losses are directly related 

to the velocity head of a pipe, meaning that the higher the velocity head, the greater will be the losses. 

Every components contributing to minor losses will be having specific head loss coefficient “K” Value 

also known as resistance coefficient. Entry loss for flow through tunnel/pipe can be calculated 

considering the K value as 0.5. When flow exit from pipeline/ tunnel to the atmosphere it will carry 

velocity head along with it same is known as exit velocity loss. In the case of the standard fitting, minor 

losses can be estimated using the standard resistance factor available for various types of fittings (Crane 

1982, Miller 1978).  

In case of tunnel well junction, no specific literature is available for calculating losses at junction well 

with larger diameter and connects two tunnels of small diameters. These losses across junction can be 

estimated with two approaches. They are given below. 

Approach 1 – In this approach, the losses are estimated with inlet and exit loss formula for each 

junction. Friction losses in junction shaft due to change in velocities are also added to calculate total 

loss. This approach is very conservative and will add more loss to the system as entry and exit loss 

considered at every shaft junction. The total loss estimated with this approach could be unrealistic and 

away from the actual loss in the system, in case, there are more number of junction points. 

Approach 2 – In this approach, the losses are ignored as they are considered to be negligible looking 

to the quantum of other losses.  Logic behind neglecting losses is that the flow is entering in system at 

the first shaft and exit at the last shaft. Flow is continuous in tunnel and junction well at intermediate 

shaft locations. So, there will not be any entry and exit of flow. Hence no head will be lost at these 

junctions as flow is not coming to atmospheric pressure in between. Therefore, only single point entry 

and exit loss can be considered for calculation. Also, due to change in geometry from the tunnel to shaft 

there will be a negligible loss of head and the same can be neglected. This approach is very liberal and 

ignores significant loss of the system. As mentioned previously, the total loss estimated with this 

approach could also be unrealistic and away from the actual loss in the system, in case, there are more 

number of junction points.  

In view of above, if we consider entry and exit loss at every junction then calculated minor losses are 

on the much higher side as there are number of junction points in the storm water-conducting system. 

If we neglect the same then estimation of minor losses will be on lower side.  

3. System Description

The typical storm water system consists of the storm water collection wells at various locations and the 
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same are connected by the underground tunnels with a suitable slope so that unsettling and non-eroding 

flow can exist from various intake points to the storm water pumping station. The storm water pumping 

station at the end of the last intake point pumps the storm water flow from various intake shafts (well) 

to the river end.  The typical scheme for the storm water conductor system and water pumping system 

is as indicated in figure.1. 

Figure 1 Typical scheme for storm water system 

In the present case study of the storm pumping system, the pumping system consists of the flow carrying 

tunnel to Intake shaft with diameter ratio as 1:3. It consist of total 8 no. of intake shafts from Intake 

point to pump house. In this system, flow enters through the shaft-1 located at farthest point and released 

at shaft-8 connected to pump sump. Rated flow velocity through the tunnel is 3 m/s, which is generally 

considered for design of storm water system. Between entry (shaft-1) and exit (shaft-8), there are total 

6 nos. of intermediate shafts / junction wells of diameter 3 times to the tunnel diameter.  There is no 

inflow through these intermediate junction wells.  

4. Friction loss estimation by conventional approaches.

In this section, friction losses are estimated by two conventional approaches. As per approach-1, losses 

at each tunnel junction are estimated with entry and exit loss formulation (Hydraulic institute 1990). 

Friction loss for each junction work out as 0.69 m. Total friction losses for all 6 intermediate junction 

shafts are calculated as 4.8 m. Considering other minor losses and major losses, total head requirement 

for pump worked out as 22.9 m as other head losses are estimated as 18.1 m. Approach-1 estimates 

higher head loss and leads to overestimation of total head requirement. As per approach-1, more 

excavation for the pump sump is required than the actual requirement as water level at pump suction 

side reduced due to the overestimated minor losses.  

As per approach-2, as the friction losses across junction for intermediate shafts are neglected and hence 

the losses at each intermediate junction shafts are 0 and hence minor loss considering entry loss at shaft-

1 and exist loss at shaft-8 is estimated as 0.69 m only. This approach leads to estimation of total head 

as 18.8 m on account of other losses as 18.1 m. This approach also leads to wrong estimation of water 

level at pump suction and estimates less excavation to meet the submergence requirement of the pump. 

5. Friction loss estimation for junction using CFD

There is no specific guideline/ formulation available to compute friction losses across junction well of 

water conducting tunnel. In the present case Computational Fluid Dynamics (CFD) technique is used 

(Ansys-CFX 2017) to find out the friction losses at the junction of the tunnel and shaft arrangement. 

The analysis is carried out considering the flow velocity through tunnel as 3 m/s.  The junction losses 

remain the same for all the intermediate shafts as their geometry is same. In this case study, shaft-3 and 

adjoining tunnels are considered for analysis. The water flows with a velocity of 3 m/s through the 

tunnel from shaft-2 and connected to shaft-3.  There is no inflow at shaft-3 and the same water is 

supplied to shaft-4. Therefore, the flow across the junction at shaft-3 remains unchanged. A geometry 

considered for analysis of losses is shown in figure 2.   
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Figure 2 Geometry for tunnel and shaft 

Figure 3 Plane for Head loss across the shaft-3 

The head loss predicted between (Planes are shown in fig.3) inlet and outlet of the shaft. The qualitative 

results are shown in terms of streamline and velocity contour plots (Refer to Fig.4 & 5). 

As mentioned earlier, the head loss is calculated as the difference between the pressure at the inlet and 

outlet of shaft-3. The head loss predicted between (Planes are shown in fig.3) inlet and outlet of the 

shaft is found as 0.19 m.  From the streamline plot and velocity contour plot, it is clear that there is a 

change in velocity at the junction point of shaft and it leads to the loss of head. 
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Figure 4 Stream line plot section view 

Figure 5 Velocity Contours 

6. Result and discussions

In the present case study of the storm water pumping system, there are 6 number of intermediate junction 

wells. In conventional approach-1 the estimated head loss across well junction is 0.69 m while in 
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approach -2, the estimated head loss across junction is 0.0 m The CFD analysis predicts the head loss 

across junction as 0.19 m. With 6 intermediate junctions, the total loss estimate in CFD analysis is 1.14 

m as against head loss estimation as 4.12 in approach-1 and 0.0 m in approach- 2.  The actual total head 

estimation comes out to be 19.92 m by CFD analysis as against 22.9 m in approach -1 and 18.8 m in 

approach- 2.  Comparison for flow and head parameters is carried out considering the total head 

estimated based on CFD approach and pump performance curve. The error is estimation of head is +15 

% in approach-1 and -6 % in approach-2. Pump submergence required with respect to sump bottom 

level for rated flow of selected pump is 4.5 m and it will be same for all cases. The excavation 

requirement is more by 110 % in approach-1 and less by 25 % in approach-2. Both the estimations are 

detrimental as the pump selection based on both the conventional approaches leads to pumping 

operation away from BEP.  In case of approach-1, the pump operates + 12 % from BEP while in 

approach-2, -5 % away from BEP. The comparative results are provided in below Table -1. 

Table 1 Effect of Junction losses on flow and sump parameters. 

Sr. 

No 
Parameters 

Considering 

Junction loss as 

per CFD 

Considering 

losses as per 

approach-1 

Neglecting 

junction loss 

as per 

approach-2 

1 Minor Losses in system (from shaft-1 to 

shaft-8) 

1.82 m 4.82 m 0.69 m 

2 Estimated water level at pump inlet 

considering sump  invert level El. 0.0 m 

(+) 4.5 m (+) 1.5 m (+) 5.63 m 

3 Minimum  Submergence required for pump 4.5 m 4.5 m 4.5 m 

4 Sump invert level required considering 

minimum submergence for pump and 

available water level in sump. 

(+) 0.0 m (-) 3.0 m (+) 3.37 m 

5 Total pump head required 19.92 m 22.9 m 18.8 m 

6 Total submergence available for operating 

head considering sump invert level. 

4.5 m 9.5 m 3.36 m 

7 Flow capacity of pump at the operating head 100 % 112 % 95 % 

8 % Change in total pump head. 0 % + 15 % -6 %

9 % Change in excavation requirement 

considering required submergence. 

0 % + 110% -25 %

7. Conclusion

In general, neglecting minor losses in system involving long tunnel do not affect the total system head 

as quantum of major losses are much more than that of minor losses. However, in case of pipe line 

involving more number of tunnel and well junction shafts, correct estimation of minor loss is important 

for calculation of total head requirement for pumping system.  

The paper describes a case study wherein the intermediate shaft junction losses are estimated using CFD 

analysis technique. There are two conventional approaches to estimate the losses. The intermediate 

junction losses are estimated using both the approaches. Approach-1 requires for huge excavation while 

approach-2 leads to reduction in suction water level and submergence. There is a considerable deviation 

of estimated total head with both the approaches. It is also noted that deviation is more in case of more 

number of junction wells. CFD analysis technique is useful in this particular case of head loss prediction 
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of intermediate junction wells. 

This case study has given a basis of loss estimation in tunnel junction and the losses estimated using 

CFD techniques can be used for reference. It will help for correct estimation of minor losses and hence, 

will help for correct estimation of pump head. 

The study demonstrated the head loss estimation of intermediate well junctions on fixed velocity of 

flow and fixed tunnel well junction diameter ratio. This study can be extended further to analyze the 

tunnel and shaft junction losses considering the different flow velocity and different tunnel to shaft 

diameter ratios.  Based on different combination of flow velocities and diameter ratios, empirical 

relationship can be developed for computing the minor losses across the water tunnel and shaft junction. 
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Abstract 

Watersheds are increasingly becoming prone to pollution due to wastewater discharge from the 

various point and nonpoint sources, for example, run-off from rural areas and combined sewer 

overflows (CSOs) from urban areas. Such discharges from various sources contaminating the Upper 

Green River watershed in Kentucky, the USA over the years.  It is important to comprehend water 

quality parameters quantitatively to characterize the water quality status of streams in the Green 

River watershed. Multiple studies are found in the prediction of river water quality using multivariate 

statistical techniques such as regression, factor analysis, cluster analysis and also using artificial 

intelligence methods such as neural networks.  In this study, a novel attempt has been made to predict 

the status of the quality of Green River water with predictive capabilities of classification and 

regression tree (CART) model. CART is a simple model to understand and interpret. Visualization 

of results is easily done with the help of trees. CART model has been developed to predict the 

concentrations of fecal coliform, and turbidity in the Upper Green River watershed. The paper 

concludes with an analysis of the results of the classification and regression tree (CART) models 

and insights from them.  

Keywords: Water quality; Land Use Factors; Classification And Regression Tree (CART); Fecal 

Coliform; Turbidity  

1. Introduction

The societal and scientific concerns for river water quality are increasing across the 

planet since the 1970s (Karr and Dudley 1981). However, the accurate modeling of stream 

water quality is found to be challenging because it is influenced by many natural and 

anthropogenic factors. Of these, weathering of rocks, rainfall, erosion of soil, and their 

interactions with surface water being considered as the primary influencing factors (Simeonov 

et al. 2003). Contamination loads from industries and municipalities, agricultural runoff, and 

other anthropogenic activities are also major affecting factors of water quality in streams 

(Singh et al. 2005).  It's also been observed that stream water quality declines with the 

progression associated with urbanization in watersheds (Klein 1979). Along with the above-

mentioned facets, land use land cover and its structural features like slope would create 

variation within the concentrations of water quality parameters (Johnson et al. 1997). The 

present study area Upper Green watershed falls under the category of Karst regions (formed due 

to dissolution of soluble rocks such as limestone, dolomite, and gypsum) where intermixing 

between the surface and subsurface water plays a crucial role in the quality of stream waters. 
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Variance within the concentrations of water quality parameters such as total dissolved solids 

(TDS), salinity, dissolved oxygen (DO), conductivity, FC (Fecal Coliforms), pH, total 

suspended solids (TSS), turbidity, nitrogen, sulfates, and phosphorus may be due to the 

turbulent nature of flow in the streams. It could be vulnerable to pollution as a result of the land 

use activities in the watershed. Hence, the determination of accurate quantities of 

these parameters prompts the need for a reliable prediction model supported by soft computing 

modeling tools viz. Artificial Neural Networks (ANNs), Fuzzy logic, decision trees, etc. One 

such attempt has been made in this paper using neural networks and classification and regression 

tree (CART) models.  The objectives of the current research work are (i) prediction of concentrations 

of FC, turbidity from temperature, precipitation, and land-use factors using ANNs and CART model, 

(ii) comparing the performance of ANN models and CART models, and (iii) suggesting the best

model for assessing the quality of stream waters accurately.

The following section reviews the literature on predictions of stream water quality using several 

techniques. Many research works have been done across the globe considering physical parameters 

(temperature, TDS, TSS, etc.), chemical characteristics (DO, pH, conductivity, etc.), and 

microbiological factors (FC, E. coli, etc.) to describe their influences in the prediction of water 

quality of streams. Skariyachan et al. (2015) analyzed the water quality status of the Cauvery river, 

Karnataka, India, and it was found that waste disposal from agricultural sectors, hospitals, and 

industries has increased the concentrations of FC, DO, and Biological Oxygen Demand (BOD). 

Similar research work was done on the Godavari river at Nasik, India using the data of TSS, BOD, 

TDS, Chemical Oxygen Demand (COD), pH, Ca hardness, nitrate, chlorides, Na, K, SO4
-2, PO4³−, 

FC, and electrical conductivity. It was identified that sewage was a key factor for the deterioration 

of water quality in that river (Chavan et al. 2010). Johnson et al. (1997) observed the rise in the 

concentration of TDS, alkalinity, and nitrate in the water quality where row crops have a major 

proportion of the Saginaw watershed, Michigan, USA.  A study of Hatt et al. (2004) observed a 

correlation between the increase in the concentration of total phosphorus, filterable reactive 

phosphorus, dissolved organic carbon with imperviousness of drainage area near Melbourne, 

Australia.  In a recent study, Gupta et al. (2017) showed the influences of temperature, BOD, 

turbidity, DO, pH, nitrate, phosphate, and TDS on the water quality index of Narmada River, India. 

A Few analytical methods such as cluster analysis, multiple linear regression, etc were used in the 

assessment of large and complex data of water quality parameters to get a better understanding of 

the quality of stream water and effective control of contamination (Simeonov et al. 2003).  Though 

it was stated that a mathematical model was good enough in the management of river water quality 

(Chinyama et al. 2014), there have been several attempts made to model stream water quality more 

accurately using ANNs at the river basin scale. Better Assessment Science Integrating Point and 

Nonpoint Sources (BASINS) was one of the other integrated, GIS-based models that were 

implemented at East Fork Little Miami River Basin to compute the influence of land use on the 

quality of Miami River water (Yong and Chen 2002). Harmel et al. (2006) stated that the results of 

the model should help the researchers in understanding the water quality more meaningfully from 

an uncertainty point of view.  With the usage of ANNs, one of the most powerful data-driven models, 

one can not only derive results quantitatively but also draw meaningful conclusions. Hence, it was 

chosen as one of the modeling methodologies besides the CART model in the current study. Singh 

et al. (2009) devised two ANN models for predicting the concentrations of DO and BOD on Gomti 

River, India. Similar work was done on the Nakdong River at Sangdong station, South Korea for 

calculating the quantities of pH, DO, turbidity, total nitrates, and total phosphates (Kim and Seo, 

2015). The better predictions of ANNs are observed when these models are coupled with other 

technologies such as GIS and Remote Sensing.  Anmala et al. (2015) developed a model based on 

ANN and GIS for predicting the water quality parameter from precipitation, temperature, and newly 

defined land-use factors at Upper Green River, Kentucky, USA.  Turuganti et al. (2019) have 

explored combining clustering methods (K–means and Kohonen) with ANNs in recent times. 

However, a neural network is more of a “black box” model, that delivers results without an 

explanation of how the results were derived. Thus, it's difficult to elucidate how decisions were 

made that can support the output of the network. On the other hand, decision trees are known 
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as "white box" models, in the sense that the acquired knowledge can be expressed in a readable form. 

Classification and regression trees are one of the many data mining and machine learning methods 

which have proven to be successful in predicting the correct responses from the input data. In CART 

models, the data is recursively partitioned and simple prediction models are built in each of the 

partitions (Wei-Yin Loh. 2011).  CART models are very useful models and can be accommodated 

in the statistical toolbox due to their generalization capabilities in ecological and environmental 

modeling of problems (Glenn De’ath and Katharina e. Fabricius 2000). In that context, CART 

models were developed using the available data in this study. Decision tree predictions of DO, 

BOD5, pH, temperature, Ammonia-Nitrogen were found to be better than that of the ANN model at 

the Chao Lake, China (Liao H. and Sun W. 2010). Shailesh Jaloree et al. (2014) examined the water 

quality issue and predicted the Nitrogen, pH, Temp, BOD, COD of the MAA Narmada, Madhya 

Pradesh, India using the classification data model with decision trees. In this paper, a novel attempt 

is made to compare the performances of the ANN model and decision tree in the prediction of FC, 

turbidity from temperature, precipitation, and land-use factors of the Green River watershed. The 

details about the study area are given in section 2, and in section 3 the methodology of the research 

work is discussed.  The results are discussed in section 4.  Lastly, the conclusions are drawn from 

results and presented in section 5.   

2. Study Area

The Green watershed is found within the lower a part of Kentucky in southwestern direction. 

This river is one of the main freshwater sources within the USA. The land use of watershed is 

diverse because of the topography. The basin is rich with nutrients, eutrophic system with karst 

features within the downstream of the Green basin. The Green River watershed is a mixture of 

land uses like agriculture, undeveloped woodland, urban, rural, and industrial areas (Anmala 

et al. 2015). The river flows towards the west from the east through various provinces viz. 

Taylor, Green, Hart, and Edmonson as shown in Figure1. A few important hydrological 

characteristics and topographical details of the upper Green River watershed are provided in Table 

1. 

Figure 1  Schematic of the stream network structure 

Table 1 Hydrological and Topographical details of Upper Green River Watershed 

Characteristics Attribute range 

Minimum elevation 123.14 m 

Maximum elevation 497.74 m 

Minimum and maximum temperatures 10.30C and 28.90C 

Mean Annual Precipitation 1041 mm to 1346 mm 
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Latitudes (of stream water quality sampling 

stations) 
Between 36.940 and 37.430 

Longitudes (of stream water quality sampling 

stations) 
Between -86.040 and -85.160 

3. Methodology

For this research work, water samples were collected in test tubes from 42 different sampling 

sites that cover the whole watershed for a duration of six months (May 2002 to October 2002). 

The samples were tested within the laboratory to get the concentrations of water quality 

parameters. The precipitation and temperature (meteorological data)  are taken from the 

Kentucky Climate Center. The precipitation data were collected daily at discrete rain 

gauges within the watershed. Two-day cumulative precipitation data was generated using the 

inverse distance weighted interpolation method with the aid of ArcGIS software.  

 For the current study, the land use factors are defined (Anmala et al. 2015) as follows: 

Urban land use factor = sin−1√urban area catchment area⁄

Forest land use factor = sin−1√forest area catchment area⁄

Agricultural land use factor = sin−1√agricultural area catchment area⁄

Then predictions of FC and turbidity from were made from the collected data using the CART model 

and ANN model. The details of classification analysis and ANN Models are briefly explained in the 

sections below. 

3.1 Classification And Regression Tree (CART)  Model 

There are two types of learning algorithms in machine learning, namely- supervised and 

unsupervised.  An example of supervised learning algorithms is a decision tree model.  A decision 

tree is essentially a tree with leaf nodes at the bottom, intermediate branches with nodes, and root 

node at the top.  The CART model was introduced by Breiman et al. (1984).  It is one of the popular 

decision tree algorithms. A decision is made at each node of the tree based on if-else statements and 

traversing the tree from the root node to the bottom nodes or leaf nodes.  Even though the approach 

is relatively old in CART modeling, the algorithm is fundamental to most of the decision tree models.  

Based on certain input predictor variables, the CART model can be used to predict the outputs.  

CART models require very little data processing and are becoming one of the good models in data 

mining.  Compared to existing other analytical models, CART models have the advantages of ease 

of modeling and a clear-cut approach when it comes to prediction.  CART models include two types 

of decision trees, namely classification trees, and regression trees. The target output variables are 

fixed or categorical in classification tree algorithms.  The algorithm splits the dataset depending on 

the homogeneity of data.  In many cases, these classes are simple Yes or No, which are just two and 

mutually exclusive classes. The tree algorithm is used when there are more than two classes are 

present. Homogeneity of the data will be quantified using measures of impurity such as entropy or 

Gini index.  On the other hand, regression trees consist of target variables, independent variables, 

and the algorithm predicts the target variable using independent variables.  Data is split at multiple 

points for each of the independent variables.  

This research work has been carried out using python libraries viz. scikit-learn, matplotlib, numpy, 

and pandas for developing the CART model using Google collaboratory in the Jupyter notebook 

environment. First, the dataset of x variable containing 5 features and y variable that contains target 

features are loaded in the Jupyter notebook. Then the dataset is divided into two groups, training 

dataset and testing dataset (70 % training - 30% testing and 80 % training - 20% testing). A 

regression tree-based model has been developed using the DecisionTreeRegressor model and 

predicting the following parameters FC and turbidity from temperature, precipitation, and land-use 
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factors.  In CART modeling, in the above environment about 13 parameters can be set and their 

functionings, optional values, default parameters are given in Table 2. 

Table 2  Description of parameters of the CART model 

S.NO Parameter 
The functioning of the Parameter in 

the model 

The function used in 

the model 

1 Criterion 
quality of a split is measured by this 

parameter 

Mean Squared Error 

(MSE) - uses variance 

reduction as a feature 

selection criterion 

Friedman MSE- uses 

MSE with Friedman’s 

improvement score for 

potential splits 

Mean Absolute Error 

(MAE)- minimizes the 

L1 loss using the median 

of each terminal node 

2 Splitter Used to choose the split at each node “best” and “random” 

3 Max_Depth It is the maximum depth of the tree Default=none 

4 Min_Samples_Split 
The minimum no. of samples required 

to split an internal node 
Default=2 

5 Min_Samples_Leaf 
The minimum no. of samples required 

to be at a leaf node 
Default=1 

6 Min_Weight_Fraction_Leaf 

The minimum weighted fraction of the 

total of weights (of all the input 

samples) required to be at a leaf node 

Default=0 

7 Max_Features 
The no. of features to consider for the 

best split 
Default = none 

8 Random_State 
It is the seed used by the random no. 

generator 
Default=none 

9 Max_Leaf_Nodes 
It is the growth of a tree with 

maximum leaf nodes 
Default=none 

10 Min_Impurity_Decrease 

A node will split if this split induces a 

decrease of the impurity is  ≥ to this 

value. 

Default=0 

11 Min_Impurity_Split 

This function is the threshold for early 

stopping in tree growth. A node will 

split if its impurity is greater than the 

threshold, otherwise, it is a leaf 

Default=1e-7 

12 Class_Weight Associated with the weights of classes Default=none 

13 Presort 
This function will speed up the finding 

of best splits in fitting 
Default=false 

After training the dataset, the model performance was evaluated by computing R-Squared 

values, which is the most popular measure of goodness of fit. Different models were 

developed by changing the criterion parameters and splitter parameters for predicting the 

target variable from five input variables. The results are tabulated in Table 4. 

3.2 ANN Model 
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After performing regression using the CART methodology, ANN modeling has been carried out 

using MATLAB R2018a for the data.  An ANN consists of an input layer, an output layer, and 

hidden layers with each layer having neurons. These neurons of every layer are interconnected 

with other neurons of the above layer with certain weights. The neural network models 

are getting used extensively for engineering problems when the available data is uncertain, 

high dimensional, and highly nonlinear. However, the performance of the ANN model 

will depend upon the initial weights and successful training of data sets. So it requires special 

care while initializing the model parameters. For this study, a feed-forward backpropagation 

network was used. The number of nodes in hidden layers is decided based on the Kolmogorov 

mapping theorem i.e. from 0 to (2n+1) nodes for an input layer consisting of n nodes (Hecht-Nielsen, 

1987). The details of the network are given in the following table 3. 

Table 3 Parameters of the ANN model 

S.No Parameter Functions 

1 Training algorithm Levenberg-Marquardt backpropagation (TRAINLM)  

2 Learning functions 
gradient descent with momentum weight and bias 
learning function (LEARNGDM) 

3 transfer functions 
The hyperbolic tangent sigmoid transfer function 
(TANSIG). 

4 Performance evaluation function 
mean squared normalized error performance 
function (MSE) 

Five inputs viz. two-day cumulative precipitation, temperature, urban land-use factor (ULUF), forest 

land-use factor (FLUF), and agricultural land-use factor (ALUF) are given as inputs for predicting 

each water quality parameters (FC, turbidity) of Upper Green watershed. 

4. Results And Discussions

The results of the CART model and ANN model are shown in Table 4 & 5. The performance of the 

CART model was lower in the prediction of FC and turbidity from given inputs as compared with 

that of the performances of the ANN model. The testing R2 values of FC and turbidity for the ANN 

model are 0.903, and 0.882 respectively. The corresponding R2 values of FC of the CART model 

are  0.5747, 0.5459, and 0.4598 and for turbidity are 0.4269, 0.3983, and 0.3547 for criterion MSE, 

Friedman MSE, and MAE respectively. The splitter parameter that was used for this model is the 

‘best’ parameter. Other ‘random’ splitter parameter R2 values of both FC and turbidity are presented 

in Table 4. It is found out that the results of FC and turbidity of the CART model were bettered when 

the dataset was split in the ratio of 80% for training and 20% for testing. The values of different 

criterion (MSE, Friedman MSE and MAE) for FC are 0.7003 0.7003 and 0.6176 (for best splitter) 

and 0.7344, 0.7233 and 0.4547 (for random splitter). The corresponding R2 values of turbidity are 

0.4323, 0.4014 and 0.2954 (for best splitter), 0.3869, 0.3371 and 0.4246 (for random splitter) 

respectively. Though the CART model showed improved performance in the prediction of water 

quality variable FC, the value of R-squared is still lower when compared with the ANN model 

(Testing R2 value =0.903). It is also observed that the CART model underperformed when the model 

was developed using DecisionTreeClassifer with Gini and entropy criterion. The underperformance 

of the CART model is may be due to the overfitting of data, in which the erroneous results are 

obtained due to the noise that has been considered by the tree while modeling.  Sometimes, the 

stability of outcomes is influenced by the presence of small variance in the data which eventually 

leads to a large variance in prediction.  However, the predicted values of the turbidity of the ANN 

model were better than that of the CART model for different training and testing percentages, but 

these outcomes are not as good as FC predictions. The performance of the model may improve in 

the case of turbidity by altering the input parameter set.  For example, giving FC as one of the inputs 

for the network may give better-predicted values given the established correlation between FC and 

turbidity. The accuracy of predictions of the ANN model was ensured by computing Bias (measures 
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the difference between the expected value to predicted value), Root Mean Square Error (RMSE - 

tells how the residuals spread about the best-fit line), and Arithmetic Mean Error (AME – refers the 

average error in the prediction).  These values are presented in Table 6. 

Table 4 R2 Coefficients of Testing of CART model for Green River watershed 

Water quality 

parameter 
Criterion 

Training  and Testing 

70-30

Training  and Testing 

80-20

Splitter Splitter 

Best Random Best Random 

R2 value R2 value R2 value R2 value 

FC 

(CFU/100mL) 

MSE 0.5747 0.4365 0.7003 0.7344 

Friedman mse 0.5459 0.5060 0.7003 0.7233 

MAE 0.4598 0.5169 0.6176 0.4547 

Turbidity 

(NTU) 

MSE 0.4269 0.3080 0.4323 0.3869 

Friedman mse 0.3983 0.3876 0.4014 0.3371 

MAE 0.3547 0.3477 0.2954 0.4246 

FC 
Gini 0.5205 0.1595 0.6410 0.1324 

Entropy 0.1660 0.2709 0.4947 0.3036 

Table 5  R2 Coefficients of feed-forward backpropagation network for Green River watershed 

Table 6 Bias, RMSE, and AME values of the ANN Model 

Water 

Quality 

parameter 

No. of 

samples 

No of hidden 

neurons 

Training-

Validation-

Testing 

ANN Model 

Bias RMSE AME 

FC 225 11 70-15-15 18.263 1540.487 829.456 

Turbidity 215 11 70-15-15 1.80 35.839 11.226 

FC 225 11 80-10-10 95.40 1495.21 902.41 

Turbidity 215 11 80-10-10 -1.5 25.5 9.0 

The overall R2 values of the ANN model is shown in Figure 2. Figure 2(a) and 2(c) are representing 

the prediction vs observed fit of FC and turbidity for the dataset that is divided into 70% training 

and 30% testing. Figure 2(b) and 2(d) represent the same parameter predicted vs observed fit for 

80% training and 20% testing dataset. Of all the CART models, the best-predicted model is FC with 

the ‘MSE’ criterion and ‘random’ splitter and it is presented in Figure 3.  

Water 

quality 

parameter 

No. of 

samples 

Network 

architecture 

Training-

Validation-

Testing(%) 

Training 

R2 

Validation 

R2 

Testing 

R2 

Overall 

R2 

FC 225 5-11-1 70-15-15 0.817 0.893 0.903 0.846 

Turbidity 215 5-11-1 70-15-15 0.709 0.924 0.882 0.721 

FC 225 5-11-1 80-10-10 0.865 0.846 0.608 0.828 

Turbidity 215 5-11-1 80-10-10 0.922 0.828 0.384 0.706 
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Figure 2 Overall R2 Values of FC, the turbidity of the ANN model 

5. Conclusions

From the above results and discussions, the following conclusions could be drawn. 

i) Concentrations of FC and turbidity are predicted with higher R2 values from

temperature, precipitation, and land-use factors as inputs using the ANN model as

compared to the CART model.

ii) CART model was not yielding the best results may be due to the overfitting of data and

small variance in the dataset could be affecting the outcome of the model.

iii) The CART algorithm is known as a white box model, where the interpretation of

outcomes is done very easily unlike the ANN model, a black-box model, where the

interpretation of results may be more difficult.

iv) Overall, ANN models showed better predictions than the CART model for the given

dataset, and the ANN models can be further recommended in the predictions of stream

water quality parameters.
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Abstract 

Life begins with water. We the human beings are expert in polluting the resources, but very poor in 

conserving and managing the resources. Many of the water sources have been polluted and water 

crisis slowly metastasized all over the world. It is highly essential to reclaim and reuse wastewater to 

avoid the water being claimed as an extinct resource. Greywater is the wastewater generated from 

bathrooms, laundry washing, kitchen sinks and it does not include toilet wastewater. Reusing and 

recycling of greywater will reduce the water demand to a greater extent and in particular, it is highly 

effective in urban areas where the demand for water is more and pricey too. Nowadays smart 

solutions and technologies are escalating throughout the world. The idea of incorporating smart 

solutions in wastewater management will make water systems more interconnected and intelligent. 

This smart system with its function of sensing, actuation and control allows understanding the needs 

and performs the desired actions with lesser human intervention. Wireless Sensor Networks (WSN) 

and the Internet of Things (IoT) technologies are used to monitor and control the wastewater systems. 

IoT enabled greywater management system uses sensors to retrieve the greywater data, gateway 

communication to transmit the data to the cloud server, data analytics and computing are performed in 

the cloud server and necessary actions will be taken based on the sensory data. IoT enabled greywater 

management system provides us real time monitoring and managing of water resources to make it 

sustainable for the future. 

Keywords: Greywater; recycle and reuse; sustainable resources; Internet of Things; IoT 

1. Introduction

Water stress is a globally important and escalating issue all over the world. In Sanskrit there is a word 

called “Trishna” meaning thirsty, the thirst or craving for water increases worldwide. Increasing 

population, improper water management, depletion of water resources, and reduced pro-social 

behavior among people were the factor that leads to water stress or depletion. Water scarcity and 

consumption has been created as a social dilemma among the individuals in recent years. Water being 

a scarce and precious resource is essential for human survival particular in areas where rain fails, poor 

infrastructure, improper water management leading to serious societal and environmental issues. It is 

highly crucial to manage the water resources, to optimize the use of water, and minimize the 

environmental impact on nature. To manage and conserve the water resources, reclamation and reuse 

of water is one of the ideal solutions in present day situation. 

As long as water being inexpensive and plentiful, reclamation and reuse of water will not be the topic 

of discussion. Reclamation and reuse of water is the method of converting wastewater into useful one. 

It is not a new technique the world has to understand; nature’s hydrologic cycle or water cycle is the 

base model for recycle and reuse. Each drop of water that falls as rain reaches ocean and again 

evaporates back to the atmosphere and again reaches the land as raindrop. Reclamation and reuse of 

water has several benefits such as reducing the water demands, reduces environmental impact, and  
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improves sustainability of resources. Reusing wastewater provides better sanitation and hygiene 

practices which helps in protecting public health. 

2. Greywater and its reuse

Wastewater is of two types, Greywater and Blackwater. Greywater is the wastewater from households 

barring sewage. The difference between the two is organic loading, blackwater contains higher 

organic loading than greywater. The issue of greywater management is gaining more importance 

nowadays because improper wastewater management is the main reason for environmental pollution 

and several fatal diseases. With legitimate treatment, greywater can be put to great and good use. It 

can be used for laundry, toilet flushing, and also irrigation of plants. Cleantech water.co.in explains 

that the supplements in the grey water such as phosphorus and nitrogen provide an excellent 

sustenance source to these plants. 

Re-using greywater provides benefits on many levels. Greywater reuse reduces the amount of 

freshwater used up in the household works. It reduces the load of freshwater required to flush toilets, 

car washing and water plants. Cleantech water.co.in stated that the use of greywater reduces the water 

demands so drastically as to positively impact the environment. Greywater reuse reduces water 

wastage and eliminates drainage problems. With reduced freshwater demands, energy required to 

pump the water into the house reduces, resulting in lesser power consumption. 

3. Greywater characteristics and constituents

Imhof and Muhlemann (2005) described the composition of greywater varies with several factors; 

they are quality and type of freshwater supply, type of distribution network of freshwater, type of 

distribution network of greywater, household activities, location, population, source of installation, 

and quantity of water used in relation to the discharged amount of substances. 

Greywater exhibits significant variations in compositions. It varies within a specific sample group, 

within an individual bathing and also differences in washing process in terms of type and 

concentration of product used by an individual. Imhof and Muhlemann (2005) states that the 

variations seen from the individual use can have a pronounced impact on the overall characteristics of 

the greywater to be treated. The composition of greywater also varies with time because of the 

variations in water consumption in relation to the discharged amount of substances. Physical 

parameters such as temperature, color, turbidity, and suspended solids also greatly affect greywater 

quality. Oteng-Peprah et al., (2018) greywater normally has temperature range of between 18 and 

35 °C, and the temperature increases in case of warm water used for personal hygiene and cooking 

activities. Higher temperatures results in microbiological growth and may also cause precipitation of 

certain carbonates and other inorganic salts which is undesirable. Oteng-Peprah et al., (2018) reported 

that the concentration of Total Suspended Solids (TSS) in greywater can range within 190–537 mg/L. 

Edwin et al., (2014) explained that the greywater with much of the water originating from the kitchen 

and laundry accounts for the relatively high values of TSS, and this may be due to washing of clothes, 

shoes, vegetables, fruits, tubers and many others which may contain sand, clay and other materials 

that could increase TSS. Chemical and biological degradation of the chemical compounds, within the 

transportation network and during storage also highly affects the greywater quality. Chemical 

reactions can take place during storage and transportation of greywater, and thereby causing changes 

in the chemical composition of the water. The most significant pollutants of greywater are powdered 

laundry detergents. These contain high salt concentration and in many cases it contains phosphorus, 

which is highly alkaline. High strength cleaners which are toxic in nature should be avoided in the 

home.  Marshall (1996) reported that if caustic cleaners are used for washing or cleaning, they are 

likely to kill beneficial treatment bacteria in soils used for garden irrigation. Greywater contains 

bacteria, viruses and other microbes which are developed due to body contact. Microbial growth is 

largely associated with poor personal hygiene and inappropriate handling of kitchen waste. Imhof and 

Muhlemann (2005) explained that the biological growth in greywater may also leads to increased  
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concentrations of several other microorganisms which may also cause new organic and inorganic 

compounds to be produced as metabolites from partly degraded chemicals present in the greywater. 

Eriksson et al., (2002) explained that the presence of nutrients such as phosphate, nitrate, and organic 

matter will also promote microbial growth. Greywater has lower Chemical Oxygen Demand (COD) 

and Biological Oxygen Demand (BOD) contents, because faecal matter is not present in it. 

4. Greywater Treatment

Greywater treatment varies with its characteristics, concentrations, and organic loadings. The 

selection of the suitable technique depends on the quantity and quality of greywater, and its organic 

contents. The treatment processes includes primary, secondary and tertiary processes. Edwin et al., 

(2014) stated that there are no established rules and regulations for the greywater treatment globally, 

except for in a few countries like Australia and America, and it is basically designed in relation to the 

greywater source, quality and quantity, site condition and reuse alternatives. Wurochekke et al., 

(2016) stated that the greywater treatment should be done using eco-friendly technology and without 

chemical additives or toxic by-products.  
Oteng-Peprah et al., (2018) explained the three step process involved in domestic greywater 

treatment. Primary process involves settling of coarse particles using settling tank or coarse filtration 

method. The coarse particles such as hair, lint, and any other solid substances were filtered 

immediately using filter bag or screen mesh setup. The secondary process is the fine sand filtration, 

the coarse filtered effluent is then allowed to flow through fine sand layers to remove the small 

particles. This slow sand filter removes the smallest particles. Finley et al., (2009) explained that a 

slow and constant flow of water through the sand filter leads to biological activity as the top layer of 

sand traps micro-organisms and breaks down the nutrients. Final or tertiary process is the flow of 

water through constructed wetland structure. Constructed wetland (CW) is an artificial wetland 

constructed utilizing ecological technology to replicate the conditions that occur in a natural wetland. 

Wurochekke et al., (2016) described that the wetland structure consists of gravel stones, peat, 

charcoal, sand layers, and also plants species which were planted on the top layer. Siracusa & La Rosa 

(2006) explained the utilization of natural materials as a filtration unit in constructed wetlands, have 

exhibited high efficiency for removing pollutants, as well as being inexpensive and simple to operate. 

Mohamed et al., (2014) found that a filtration system consisting of peat, charcoal and gravel was 

effective for the treatment of greywater. The root zone of the plant species absorbs the nutrients such 

as phosphorus, nitrogen, and most BOD and suspended solids. The treated greywater is then allowed 

to store in a greywater storage tank and then it is utilized for flushing, gardening, and washing 

activities. These technologies are emphasized because these processes are low cost, no skilled 

personnel are required, they are easy to handle and have better treatment efficiency. 

5. Internet of Things (IoT)

In case of water and wastewater monitoring and management, smart solutions are gaining importance 

nowadays, because conventional method is more time and labor consuming and the accuracy in 

results may vary with the in-situ conditions. Internet of Things (IoT), Machine Learning (ML), big 

data, and Remote Sensing (RS) techniques are recently used in different research areas for 

monitoring, collecting, and analyzing real-time data from several locations. Currently, Internet of 

things (IoT) has achieved a great focus due to its faster processing and intelligence because of its 

reliability and security.  

Techguruspeaks.com explains that IoT is the technology that builds systems capable of autonomously 

sensing and responding to stimuli from the real world without human intervention. It is the digitally 

connected universe of everyday physical objects. These objects are embedded with sensors, hardware, 

and connectivity that allow control and communication via internet. IoT pays a cardinal role in 
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conserving and managing the water resources. It provides an efficient and optimized way to keep a 

track on water. It helps users to address problems related to water. This smart technology will provide 

the better facilities for peoples living in urban and rural areas. An IoT system consists of sensors or 

devices which talk to the cloud through wireless communication technology such as Wi-Fi, 2G, 3G, 

Bluetooth, and Zigbee etc. Once the data gets to the cloud, software processes it and then might decide 

to perform an action, such as sending an alert or automatically adjusting the sensors or devices without 

the need for the user. Figure 1 explains the architecture of IoT. Sensors which have the ability to 

convert the information obtained from the outer world into data for analysis is then communicated to 

the gateway devices through Wi-Fi, Bluetooth, and other networking technology for further 

processing. The sensed data is again transferred to cloud platform for storage and analysis. The 

analyzed data is then utilized by the user for their application services.  

Figure 1 Architecture of Internet of Things (IoT) 

6. Smart Greywater System

The biggest challenge in water and waste water management is to monitor water levels, leakages, 

water quality and the flow of water through different channels. IoT can provide possible solutions to 

overcome these issues. IoT is employed to facilitate the right passage of water to the right destination 

at the right duration. Sensors installed at various places in the greywater system can detect the 

temperature, pH, water level changes, and water quantity. These sensors will then collect the 

information and send it to the main server through wireless networking technologies, then again sent 

to the cloud server for data analysis. Data visualization can be done using web or mobile applications 

by the users. This will help the users to manage the resources more effectively. Figure 2 explains the 

architecture of the proposed methodology of smart greywater system. 

Figure 2 Architecture of the proposed methodology of smart greywater system 
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Greywater from showers, laundry and bathroom sinks drain to a pipe system with a 3-way diverter 

valve to drain to the greywater tank, or bypasses the tank and sends greywater to the sewer depending 

upon the requirement. The diverter valve is fitted with an automatic actuator that is operated by a 

sensor switch on the greywater controller. The drain pipe system is also fitted with flow meter sensor 

to measure the quantity of greywater entering the tank. The greywater flows into the coarse filtration 

tank fitted with a screen mesh or filter chamber to remove the solid substances in the water. 

Ultrasonic sensor is placed at the top of the filtration tank to know the water level of the tank. The 

coarse filtered water collected is then pumped to the fine sand filtration system to remove the finer 

particles and microorganisms present in the water. The pump is controlled using a relay switch sensor 

on the greywater controller. The sand filtered water is collected through the bottom pipe affixed with 

a flow meter sensor to measure the filtered quantity of water and then sent to the wetland structure 

consisting of sand, gravels, and plant species to remove the heavy metals and nutrients present in the 

water. The water is retained for a minimum period of time in the wetland setup and then drained into a 

collector tank through an actuator valve with timer controller. The collector tank is fitted with an 

ultrasonic sensor, pH, temperature, and turbidity sensor to understand the collected level of greywater 

and its characteristics. The collected water can be reused for flushing, gardening and cleaning. 

Actuators and sensors deployed in the greywater system congregate the data to the sink node and 

communicate using Wi-Fi module to the gateway device which then sends data to the cloud server 

using 3G/4G networks where live visualization can be done using mobile application by the residents 

from anywhere or from any location. Smart systems act in a bi-directional manner by sending and 

receiving the data and information to and from the user. 

7. Conclusion

Reusing wastewater is a crucial part of the sustainable management of water resources.  Greywater 

can be an important alternative water source in areas of greater water stress. IoT based water 

management brings transparency and improved control to the whole water system starting from a 

freshwater reservoir to wastewater collecting and recycling. Greywater system incorporated with the 

cost effective low power sensor devices bolstered with internet technology helps in reducing water 

stress, wastage and shortage of water, also revoke the damage caused by the imprudent usage of water 

resources, and also increasing the system efficiency with reduced human works. Smart technology can 

improve data collection and analytics to support proactive decisions and increase the efficiency of 

water utilities. An attempt to integrate smart solutions in water and wastewater management helps in 

reducing water demand and also provides accurate results in resources conservation and management. 
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Abstract 

Scour around a bridge pier (local scouring) is a major concern in the design of bridges, as it may lead to bridge 

failures. Local scouring around bridge piers can be affected by flow characteristics, pier shape, bed material and 

channel properties. Large number of research works has been done for the estimation of scour characteristics 

around a cylinder on the fine and medium sand. However, scour characteristics around elongated piers on the 

gravel bed and the quantification of the effect of flow parameters on local scour is still not investigated 

thoroughly. This study, experimentally investigated the effect of flow characteristic (velocity and flow depth) on 

the local scour around a rectangular bridge pier on gravel bed (d50 = 6.8mm). The width and length of the pier 

were 0.03 m and 0.15m, respectively. Three flow depths and three different flow velocity levels were considered 

in this study. The results showed significant effects of approach flow parameters on the scour characteristics 

around bridge pier. Equilibrium scour depth increased with the flow velocity whereas it decreased with the flow 

depth. Instantaneous velocity data was also collected using Particle Image Velocimetry (PIV). Flow 
hydrodynamics such as turbulent kinetic energy (TKE) and vorticity analysis was also performed to get more 

insight on the observed scour characteristics. 

Keywords: Local scour; Rectangular bridge pier; Gravel bed; Particle Image Velocimetry 

1. Introduction

Local scour around a bridge pier is a major concern in the design of the bridge foundation. It has been 

studied extensively by many researchers in last few decades. Generation of different types of vortices 

(horseshoe and wake vortices) around the cylinder was identified as the prime reason for the 

formation of local scour hole (Dargahi 1989, Ahmed and Rajaratnam 1997, Graf and Istiarto 2002, 
Dey et al. 1995). Further, the formation of the vortices around the pier depends on flow 

characteristics, pier dimensions and the channel properties (Melville, 2008). A summarized 

relationship between the scour depth and other parameters can be represented as below: 

ds = f [flow (ρ, μ, U, h, g), bed material (d50, σg, ρs, uc), pier geometry (b, Kθ)] (1) 

Where, ρ is the density of water, μ is the dynamic viscosity of water, U average flow velocity, h is the 

flow depth, g is the acceleration due to gravity, d50, σg, ρs, uc are median particle size, geometric 

standard deviation, ρs density, uc critical velocity of sediment bed, b is the width of the pier and Kθ is 

the pier shape factor. By considering ρ, U and h as repeating variables, non-dimensional form of Eq 1 

can be written as: 
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Effect of individual parameters from Eq. 1 was observed in several studies in the past (Raudiki and 

Ettema 1983, Chee 1982, Raudikivi 1986, Ettema 1998, Ettema et al 2006, Sheppard et al. 2004, Link 

et al. 2018, Lanca 2013, Pizarro et al. 2017, Vijatsree et al. 2019) for fine sediment bed. Meleville 

(2008) summarized the results of these studies. Ettema et al (1998) observed significant effects of the 

incoming flow Froude number on the scour depth whereas, the Reynolds number (Re) does not have 

any direct effect on the scour. Ettema (1980) suggested that for fine sediment, size of the bed particles 

does not affect the local scour depth. Further, Ettema (1998) conducted lab experiments on clear water 

and live bed condition and observed a decreasing trend in maximum scour with increasing non-

uniformity. Chang et al. (2004) experimentally studied, the effect of sediment size gradation and flow 

unsteadiness on the scour depth evolution around a circular pier under clear water scour condition. 

They have developed a frame work for the estimation of scour depth in a non-uniform sediment bed 

based on the mixing layer theory. Raikar and Dey (2005) showed that particle of the gravel bed, pier 

diameter and its shape has significant effect on the scour hole. Vijayasree et al. (2019) studied the 

effect of elongated pier shapes on the scouring around bridge piers on fine sediment bed. Gautam et al 

(2016) studied the effect of the elevation of pile cap with respect to the sand. Both of these studies 

signified that pier shape has significant effect on the maximum scour depth.  

From the literature presented above, it is clear that even though there have been several studies that 

quantify scouring and the flow field around the cylinder, most of these studies were conducted on the 

fine sediment whereas, local scour coarse sediment did not get much attention. Further, effect of 

flow parameters on the local scour around an elongated pier is also did not get much 

attention. This study attempts the effect of approach flow depth and velocity on scour. 

2. Experimental set up

Experiments were performed in a 14m long recirculating flume in the Hydraulics laboratory of the 

Department of Civil Engineering, Indian Institute of Technology (IIT), Bombay, India. Width and 

depth of the flume was 0.5m and 0.9m respectively. Side walls of the flume were made up of glass. A 
centrifugal pump precisely controlled by variable frequency drive (VFD) has been used to maintain 

desired flow rate in the flume. An ultrasonic flow meter connected to the inlet pipe measured 

discharge in the flume. Desired depth and velocity of the flow in the flume was maintained with the 

help of different tail gate heights and VFD. Two vertical fine mesh with grid opening of 1cm covering 
the whole width of the section are placed at the inlet to damp the flow disturbance and to reduce the 
scale of the turbulence. A schematic diagram of the flume is presented in Fig.1. 

Figure 1: Schematic diagram of the experimental set up 
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A gravel bed of 0.15m thickness and 13m length is placed in the flume. Median particle size (d50) of 

the gravel bed in the flume was 6.8 mm, coefficient of uniformity was 1.46 that ensured uniform 

gradation (Lanca et al. 2013). Particle size distribution curve for the bed material is shown in the Fig 
2. Critical average flow velocity (Uc) as observed from hjulstrom curve as well as from visual

inspection was 0.72m/s. Rectangular pier of 0.15m length (L) and 0.03m width (B) was considered in

this study. Ensuring that boundary layer should be fully developed at the test section, pier was placed
at a distance of 9m from the inlet (from the starting point of rectangular section).

Figure 2: Particle size distribution curve of the bed material 

To study the effect of flow parameters, total 5 flow conditions were considered (Table 1). Reynolds 

number of incoming flow ranges from 72800 to 106400 whereas, Froude number varied from 0.41 to 

0.6. Desired velocity and flow depth was obtained by controlling discharge through VFD panel and 

the adjustment of the height of the tail gate. 

Table 1: Different flow conditions 

Sr No. U (m/s) h (m) Q (m3/s) Re Fr 

V0D0 0.56 0.13 0.0364 72800 0.495886 

V1D0 0.62 0.13 0.0403 80600 0.5490166 

V2D0 0.68 0.13 0.0442 88400 0.6021473 

V0D1 0.56 0.16 0.0448 89600 0.4469856 

V0D2 0.56 0.19 0.0532 106400 0.4101821 

2.1 PIV system 

Three directional instantaneous velocity was captured by Stereoscopic Particle Image Velocimetry (S-
PIV) from Dantec Dynamic, Denmark. This system used two Charge-Coupled Device (CCD) cameras 

having resolutions of 2048 ×2048 pixels. These cameras were mounted on a traversing system which 

provides precise and accurate movement for the cameras. A doubled pulse Nd: YAG laser was used to 
illuminate the test section. Per pulse energy of the laser was 200 mJ. The pulse duration of the laser 
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was 4ns. A laser pulse synchronizer was used to coincide with the pulse timing with the camera 

shutter. An Image model fit calibration function was established with the help of a 20 cm × 20 cm 

calibration sheet. The calibration sheet had black circular targets of 2mm diameter equidistant at 
5mm.A detailed schematic diagram of the PIV system is presented in Fig 2.  

Figure 3: Schematic plan view of the PIV set up 

Silver coated hollow spherical particle of diameter 10 μm, made of borosilicate of density 1.03–1.05 
kg/cm3 were used as seeding particles in the flow. An adaptive PIV technique was used to obtained 

the velocity vector field. The minimum and maximum interrogation size was 32 × 32 pixels and 64 × 

64 pixels respectively. A summary of various PIV parameters are presented in Table 2 

Table 2. Summary of various parameters of PIV set up 

Parameter Value 

Field of view 45 cm 

Thickness of light sheet 3 mm 

Pixels per mm 3 mm (approx) 

Time between pulses 2932 μs 

Interrogation area size 32 × 32 pixel 

Camera object distance 1320 mm 

Camera angle 25° 

Seeding particle diameter 10µm 

3. Results and discussion

No movement of the bed particle near the pier was observed after 8 hours in any case. Therefore, total 

flow duration in the flume considered in all the cases was 20hrs. Equilibrium scour depth was 
measured manually by using a point gauge with 1mm accuracy.  

3.1 Equilibrium scour depth (Se) 

Due to some limitation in the arrangement of different components of experimental set up, scour 

depth (Se) could only be measured on one side of the pier (i.e. –ve y-axis). Considering the center line 
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of the flume as the axis of symmetry, Se measurements were translated to the other side of the pier (i.e 

+ve y-axis). Contour plots for the equilibrium scour depth around the rectangular pier for all the flow

conditions is presented in the Fig. 4. It can be observed from the Se contours that in case of elongated
rectangular pier, maximum scour depth occurred near the upstream edge of the pier on the centerline

of the flume for all the cases. However, the extent of the scour hole highly dependent on the incoming

flow properties. As the flow velocity increases, the extent of scour hole also increased both in
longitudinal as well as in horizontal direction whereas, the extent of the scour hole is decreases with

the increased flow depth. Variation of maximum equilibrium scour depth (Sem) with respect to flow

depth and the flow intensity (U/Uc) is shown in Fig 5, which shows an obvious result of increasing
Sem with increased flow intensity. However, as the flow depth increased, a decreasing trend of Sem

was observed. The variation of scour depth with flow depth is not in agreement with the past studies

(Chiew, 1984; Melville, 1984; Raudkivi, 1986)) on the local scour around the circular cylinder on

sand bed. The supporting arguments presented in these study for their result is cancellation of the
effect produced by horseshoe vortex and the wake vortex for low flow depth on the downstream of the

pier. However, in case of the elongated piers vortex formed near the upstream edge do not merged

instantaneously, therefore could not cancel each other’s effect and that could be the possible
explanation for the result obtained in this study.

Figure 4: Contour plots of the equilibrium scour depth around the rectangular pier for different flow 

conditions (a) V0D0 (b) V1D0 (c) V0D1 (d) V2D0 (e) V0D2 
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Figure 5: Variation of maximum equilibrium scour depth (Sem) with (a) flow depth (b) flow intensity 

(U/Uc) 

3.2 Flow hydrodynamics 

Instantaneous velocity data collected using PIV was analyzed in order to get more insight to the scour 

depth variation with the flow parameters. As it was clear from the contour plots of Se, that maximum 

scour depth occurred only near the upstream edge of the pier on the center line of the flume. 

Therefore, flow hydrodynamics is presented only on the upstream of the pier at the mid-section.  

3.3 Turbulent kinetic energy (TKE) 

Figure 6 presents the distribution of normalized TKE for different flow conditions. Maximum TKE 
was observed near the bed in the scour hole which indicates the presence of high turbulence in the 

scour hole near the pier,.which also support the presence of maximum scour depth near the upstream 

edge of the pier. Further, it can be clearly seen from TKE contour that the maximum magnitude of 

TKE occurred for highest velocity and minimum TKE occurred for highest flow depth. Which again 
confirm the trend observed in the Fig 5.  

3.3 Vorticity analysis 

Vorticity analysis is an important tool for the understanding the nature of vortices generated 

in a particular phenomenon. Therefore, a vorticity analysis was performed on the 

instantaneous velocity signal obtained from PIV. Further, argument of observing the 

increasing trend in the maximum scour depth with increased flow depth was also supported 

by the nature of the vortices which make this analysis more important for the study. Figure 7 

presents the distribution and nature of the vortex on the upstream of the pier for different flow 

conditions. High negative vorticity which signifies clockwise moving vortices were observed 

near the bed. These clockwise moving vortices generates the horseshoe vortex which is 

responsible for the entrainment of the bed particle in the flow which leads to the local scour. 

Intensity of the horseshoe vortex is increasing with the increased velocity. Important point 

that has to be noted that though the mixing of clockwise vortices near the bed and positive 

vortices near the surface is observed for low flow depth (Fig 7a, b, d), intensity of vortices is 

not affecting with this mixing which may be the reason of observing high Se for low flow 

depth and for high flow intensity. 
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Figure 6: Contour plots of the TKE around the rectangular pier for different flow conditions (a) 

V0D0 (b) V1D0 (c) V0D1 (d) V2D0 (e) V0D2 
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Figure 7: Contour plots of the TKE around the rectangular pier for different flow conditions (a) 

V0D0 (b) V1D0 (c) V0D1 (d) V2D0 (e) V0D2 

4. Conclusions

This paper presented the effect of flow characteristics on the equilibrium scour hole around a 

rectangular bridge pier. In addition, a detailed analysis on the flow hydrodynamics was also 

presented in support of the observed scour characteristics. Some important conclusions from 

the present study are as below: 

 Irrespective of the flow conditions, maximum scour depth occurred near the upstream

edge of the pier on the mid-section.

 Scour depth increases with velocity whereas it decreased with the flow depth

 Scour results are well supported with the TKE distribution, which showed maximum

exactly near the upstream edge of the pier
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 At low flow depth, a mixing of the wake vortices and the horseshoe vortex was

observed. However, the magnitude of horseshoe vortex which is responsible for the

scour did not get affected by this mixing.
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Abstract 

Land surface models (LSMs), a connection between atmosphere and hydrology developed for representing the 
exchange of energy, water, and carbon fluxes between land and atmosphere. Runoff generation and river routing 
schemes are integral part of LSMs for the simulation of runoff and river discharge, apart from that it decides and 
regulates the soil moisture, energy flux, and crop, vegetation growth dynamics, carbon and nutrient transport in river 
channels depending on the complexity of LSMs. Thus, these schemes play a significant role in making critical 
management decisions based on LSM simulations for future water security related issues. The present study aims at 
the evaluation of two runoff production schemes (TOPMODEL and PDM) and two river routing schemes (TRIP and 
RFM) in the Joint UK Land Environment Simulator (JULES) LSM and the analysis of the effect of these schemes on 
streamflow simulation of the Damodar river basin, India. The model is simulated for the period of 2004-2008 at a 
spatial resolution of 0.5° with six configurations: (i) JULES-BASE with TRIP; (ii) JULES-BASE with RFM; (iii) 
JULES-TOPMODEL with TRIP; (iv) JULES-TOPMODEL with RFM; (v) JULES-PDM with TRIP; and (vi) JULES
PDM with RFM. Model simulated daily streamflow hydrograph are compared with observed data at two gauging 
stations, Phusro and Damodar Bridge, of Damodar river basin. RFM river routing scheme in all three model 
configurations (JULES-BASE, JULES-TOPMODEL, JULES-PDM) greatly underestimates the streamflow at both 
the gauging stations and produces low Nash-Sutcliffe efficiency (NSE) co-efficient and large error in terms of root 
mean square values (RMSE). TRIP river routing scheme performs well in comparison to RFM river routing scheme 
and also shows marked improvement in NSE and RMSE values in case of JULES-BASE, JULES-TOPMODEL, and 
JULES-PDM. In contrast to PDM, TOPMODEL performs better than PDM and also shows higher NSE and lower 
RMSE values. Finally, the results indicate that the proper choice of runoff and river routing schemes is essential in 
the hydrological simulations of land surface models especially in base flow dominated regions as it also decides 
accuracy of the timing and quantity of freshwater flux simulations. 

Keywords: JULES; TOPMODEL; PDM; TRIP; RFM; runoff generation scheme; river routing scheme 

1. Introduction

Land surface models (LSMs) are an important tool, which explicitly represents the water and energy 
exchanges between land and atmosphere. Representation of runoff and river routing processes is a very 
important part of LSM as they control the water flux, heat flux, soil moisture, and vegetation dynamics in 
land surface processes (Sheng et al., 2017). Besides that, runoff and river routing processes in LSM also 
has an impact on meteorological forecasting and hydrological prediction (Martinez-de la Torre et al., 2019). 
Various sub-grid scale runoff generation schemes and river routing schemes have been implemented to 
LS Ms for improving the representation of runoff and simulation of streamflow in river basins respectively 
(MacKellar et al., 2013a). A very convenient method for effectively evaluate the performance of an LSM 
is to simulate streamflow as it represents the true hydrological behavior of a river basin (Sheng et al., 2017). 
Moreover, streamflow is the most significant component in the hydrological cycle for describing the future 
freshwater availability and water security of the region (Papadimitriou et al., 2016). 
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Generally, in LSMs runoff is calculated as a combination of surface and subsurface flow. Surface runoff is 
calculated by considering infiltration excess, saturation excess, or the sum of both components, and 
subsurface flow is estimated as the free drainage of water through the bottom of the soil column as 
represented in the model (Martinez-de la Torre et al., 2019). TOPMODEL and Variable Infiltration 
Capacity (VIC) are widely used runoff generation schemes in most current LSM. But many LMSs do not 
use any river routing scheme. Most of the river routing scheme used in LSMs are based on linear storage 
outflow relationship (Sheng et al., 2017). Total runoff Integrating Pathway (TRIP) is a well-known river 
routing scheme used by many LSMs (HTESSEL, MATSIRO, JULES) for converting runoff to river 
discharge (Nguyen-Quang et al., 2018). There are several studies in the literature which evaluate runoff 
generation and river routing scheme for a particular LSM in terms of streamflow simulation. MacKellar et 
al., (2013b) tested the performance of two runoff production schemes (PDM and TOPMODEL) in JULES 
LSM over the upper reaches of Orange, Zambezi, Okavango catchments in southern Africa. They observed 
that the performance of the PDM scheme is best for Upper Orange catchment but very poor in case of 
Zambezi and Okavango catchment whereas TOPMODEL scheme perform better in Zambezi and Okavango 
catchment but poorly perform in Upper Orange catchment. They concluded that different runoff schemes 
are suited for different catchment and there is no single run off scheme that can be applied for all catchments 
in JULES. Sheng et al., (2017) evaluated runoff generation, and river routing scheme in Community Land 
Model by simulation streamflow at daily and, monthly scale in Yellow river basin, China, and then improve 
the performance of the model by parameterization of river routing scheme and physically based 
representation of surface and sub-surface runoff. Martinez-de la Torre et al., (2019) studied the sensitivity 
of runoff production scheme and their parameters in JULES LSM by comparing simulated and observed 
streamflow in 13 catchments in Great-Britain and introduce a new parameter in PDM runoff generation 
scheme for the improvement of model performance in terms of streamflow. So, from past studies, it can be 
said that it is very important to select the correct runoff generation and river routing scheme for simulation 

of streamflow for a given catchment. In this study, JULES LSM has been used for the evaluation of runoff 
and river routing scheme. JULES is a recently developed community based LSM and is based on Met Office 
Surface Exchange Scheme (MOSES)(Tsarouchi et al., 2014). This model is still in the developing stage 
adding new modules and equations to it every year. In India application of JULES LSM is limited. Hence 
it is very important to evaluate JULES LSM in Indian river basins and to investigate the sources of 

uncertainty exists in hydrological fluxes associated with runoff and river routing schemes. 

In this study, we have evaluated two runoff production schemes and two river routing schemes of JULES 
LSM with six model configurations namely, (i) JULES-BASE ( original JULES model) run with TRIP river 
routing scheme (JULES-BASE-TRIP), (ii) JULES-BASE run with RFM river routing scheme (JULES
BASE-RFM) (iii) JULES-TOPMODEL with TRIP river routing scheme (JULES-TOP-TRIP), (iv) JULES
TOPMODEL with RFM river routing scheme (JULES-TOP-RPM), (v) JULES-PDM with TRIP river 
routing scheme (JULES-PDM-TRIP), and (vi) JULES-PDM with RFM river routing scheme (JULES
PDM-RFM) and studied the effect of these schemes on the simulation of streamflow, cumulative discharge 
and runoff ratio for Damodar river basin, India. 

2. Study area

Damodar River basin, a part of Ganges River system lies between 84°30' to 88°15' east longitude and 
22°15' to 24°30' north latitude. The length of the Damodar river is 592 km, and the drainage area of this 
basin is 23,370.38 km2 .It originates from the Khamarpat hill at the trijunction of Palamu, Ranchi and 
Hazaribag districts of Jharkhand. This river basin extends over Hazaribag, Ramgarh, Koderma, Giridih, 
Dhanbad, Bokaro, and Chatra districts in Jharkhand and Burdwan and Hooghly districts in West Bengal 
and joins the river Hooghly about 50 km below Kolkata. The annual rainfall of this basin ranges from 1000 
mm to 1800 mm and temperature ranges between 40 to 42 degree in summer month to 23 to 26 degree 
Celsius in cold months. Approximately 20 percent of this basin are under vegetation cover and About 

38.5% of this basin area is used for agricultural purpose. 
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Figure 1: Study area location, Damodar River basin up to upstream of Durgapur Barrage 

3. Models, data and methods

3.1 JULES LSM 

JULES, a third generation LSM represents energy, water, and carbon flux exchanges between land surface 
(Slevin et al., 2015) and atmosphere and also represents some other gasses such as ozone and methane. In 
JULES total nine surface types i.e. five plant functional types [Needleleaf trees, Broadleaf trees, C4 
(tropical) grass, shrubs, C3 (temperature) grass], and four non vegetation types (Inland Water, Urban, Land
ice, Bare soil) are normally used. For representing each surface type tile approach is used and for each tile 
separate energy balance is calculated (Rahman and Rosolem, 2017). JULES considers four layers of soil 
column in the subsurface. The thickness of soil column is 0.1, 0.25, 0.65, and 2 m respectively varying from 
the top layer to bottom layer (Tsarouchi et al., 2014). Darcy - Richards equation is used for the calculation 
of water exchange between soil layer (Tsarouchi et al., 2014). In this model, precipitation is partitioned 
into canopy interception and throughfall, and the potential evaporation is estimated by Penman-Monteith 
equation and it is assumed that canopy evaporation will occur at potential rate (Tsarouchi et al., 2014). So, 
it is very advantageous to use the JULES model because it has a flexible and modular structure where one 
can introduce new elements of science as well as new modules into the model (Best et al., 2011). The input 
driving data required by JULES are incoming short-wave radiation, longwave radiation, precipitation, 
temperature, specific humidity, wind speed, and surface pressure (Tsarouchi et al., 2014). Spatial datasets 
i.e. soil properties (hydraulic and thermal parameter values), land cover, and DEM-derived gridded flow
directions and accumulated areas are the ancillary data required by JULES.
Two schemes (TOPMODEL and PDM) are introduced in JULES to represent sub grid scale heterogeneity
in soil moisture. TOPMODEL is a more complicated scheme depends on the topographic information to
calculate saturation excess runoff and represents heterogeneity throughout the soil column (Best et al.,
2011). PDM is much simpler than TOPMODEL scheme and represents heterogeneity only on the topsoil
layer depends upon soil water content at saturation, and shape parameter. TOPMODEL is suitable for
calculating water table and wetland fractions and PDM is suitable for representing surface runoff. Two river
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routing model Total Runoff Integrating Pathway (TRlP) and Rapid Flow Model (RFM) is included in 
JULES which follows 1-D kinematic wave equation described by Bell et al., 2007 and Dadson et al., 2011. 

3.2 Datasets 

In this paper, we use driving data from WATCH-Forcing-Data-ERA-Interim (WFDEI) to drive JULES 
LSM. WFDEI is the updated version ofWFD datasets based on ERA-Interim reanalysis data available for 
the period of 1979-2012 (Weedon et al., 2014) at 3 hourly timesteps. The driving datasets available in 
WFDEI are- 10 m wind speed (ms-1), 2m temperature, surface pressure, 2m specific humidity, Downward
shortwave radiation flux, Downward longwave radiation flux, Rainfall rate, and snowfall rate (Weedon et 
al., 2014). 
Soil properties, land cover classification data, vegetation fraction, TOPMODEL parameters have been used 
in this model experiment which is provided by Slevin et al., (2017). In these datasets, Harmonized World 
Soil Database version 1.2 is used for calculating different soil parameters such as soil hydraulic properties, 
soil thermal properties, etc.(Slevin et al., 2017). 
The observed discharge data for two gauging stations (Phusro, Damodar Bridge) has been collected from 
the Maithon Reservoir Office (MRO) ofDamodar Valley Corporation, Jharkhand. 

3.3 Model simulations 

In this study, JULES LSM is simulated for the period of 2001-2008 with 3-year spin-up period with a grid 
resolution of 0.5° using different model configurations. A complete input dataset (land use and soil map,
model parameters, time series of meteorological dataset) has been allotted for each grid point. It is 
mandatory to reach the equilibrium state for the model before each run. For the initialization of model 
internal state and achieving its equilibrium, spin-up period plays an important role (Tsarouchi et al., 2014). 
In this paper 3 years (2001-2003) spin-up period is used with 50 spin-up cycle. After completion of each 
spin-up cycle, model ensures its equilibrium by comparing the value of soil moisture and soil temperature 
at the beginning of the cycle. If the value of simulated soil moisture and soil temperature is less than 1 
kg/m2 and 1 % respectively, then the model is considered to be fully spun-up, and then it continues to do the
main simulation (Zulkafli et al., 2013). 

4. Results

The comparison between model simulated daily streamflow hydrograph at various model configurations 
and observed hydrograph at two gauging stations (Phusro, Damodar bridge) of Damodar river basin are 
shown in figure 2. The solid curve represents the observed flow and the dashed curve show the model 
simulated streamflow from different model settings at the corresponding gauging stations. For JULES
BASE-RFM, JULES-TOP-RPM and JULES-PDM-RFM model underestimates the streamflow with large 
negative PBIAS values ranging from 54% to 92%. The TRlP river routing scheme produces more discharge 
whereas RFM river routing scheme always underestimates the observed flow with JULES-BASE, JULES
TOP, JULES-PDM configuration. To further assess the model performance in the simulation of streamflow, 
results are compared based on the flow duration curves (FDC) of observed and model simulated streamflow. 
Although FDC represents a key signature of runoff variability, it contains no information on the timing of 
flow. Fig 3 represents the FDC for observed and simulated streamflow values across the six model 
configurations for both the gauging station. The results showed that the performance of JULES-BASE
TRlP, JULES-TOP-TRlP, and JULES-PDM-TRlP is almost similar in the prediction of very high flow and 
high flow segment in both the gauging station. On the other hand, the performance of JULES with six model 
combinations is poor in the prediction of mid-flow and low flow segments for both the gauging stations. 
The performance of streamflow simulations is assessed by using statistical parameters like Nash-Sutcliffe 
Efficiency (NSE), co-efficient of determination oflinear regression (R2), and percentage BIAS (PBIAS).
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Fig 2. Observed and simulated streamflow for modeling period 2004-2008 for six model configurations at 

(a) Damodar Bridge (b) Phusro

Table1. Statistical parameters for simulated streamflow at Damodar Bridge and Phusro. Numbers in bold 

are the best match to observations. 

Model configurations 

Damodar Bridge Phusro 

NSE R2 PBIAS (%) NSE R2 PBIAS (%) 

0.46 0.46 21.82 0.48 0.55 33.44 

0.54 0.55 23.07 0.5 0.62 45.41 

0.43 0.44 27.36 0.1 0.46 46.33 

-0.01 0.13 -92.15 0.13 -90.96

0.17 0.33 -65.99 0.35 -62.12

JULES-BASE-TRIP 

JULES-TOP-TRIP 

JULES-PDM-TRIP 

JULES-BASE-RFM 

JULES-TOP-RFM 

JULES-PDM-RFM 0.25 0.34 -54.66

-0.06

0.23

0.31 0.35 -51.19

(a) 

(b)
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Fig 4. Cumulative discharge of the observed and simulated flow for six model configurations at (a) 

Damodar Bridge (b) Phusro 

Figure 2 indicates that a wide range of uncertainty exists in model simulated daily streamflow across the 
six model configurations in both the gauging stations. A close match to the observed flow is obtained by 
JULES-TOP-TRIP model configuration with NSE=0.54, R2

=0.55 and PBIAS=23.07% (Tablel). JULES 
model showed very different behavior in case of RFM river routing scheme. The cumulative discharge curve 
for observed streamflow and simulated streamflow for six model configurations are plotted to choose the 
best model which are close to observations (figure 4). The figure indicates that JULES-BASE-TRIP and 

Fig 3. Flow duration curve of the observed and simulated flow for six model configurations at (a) 

Damodar Bridge (b) Phusro 

(a) 

(b)
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JULES-TOP-TRIP are performing better than the other four model settings in Damodar bridge. The 
performance of JULES-BASE-TRIP and JULES-TOP-TRIP are almost similar in the Damodar bridge 
gauging station. In case of the Phusro gauging station JULES-BASE-TRIP gives a better fit to observations 
compared to other model configurations. The interannual variation of runoff ratio of six model settings 
along with observed streamflow is shown in Fig.5. From this figure, it is noticed that the runoff ratio for 
JULES-BASE-TRIP, JULES-TOP-TRIP, JULES-PDM-TRIP is almost similar for both the gauging 
station. The figure also indicates that the TRIP river routing scheme always gives a higher runoff ratio 
except in the year 2007 in damodar bridge whereas the RFM routing scheme yields lower runoff ratio with 
TOPMODEL and PDM runoff production scheme. 

Fig 5. Temporal and spatial trends of runoff ratio for the observed and simulated flow for six model 
configurations (a) Damodar Bridge (b) Phusro 

5. Discussion

The TOPMODEL runoff generation scheme and TRIP river routing scheme show a good correlation 
between the observed and simulated streamflow timeseries. TOPMODEL performs better as it represents 
runoff as a combination of surface and subsurface flow. PDM runoff generation scheme in combination 
with TRIP river routing scheme overestimates annual streamflow by >20% and >50% for Damodar bridge 
and Phusro gauging station respectively. The overestimation of PDM runoff generation scheme with 
combination of TRIP river routing scheme in wet season flow in both the gauging stations is due to small 
soil storage capacity and larger percentage of overland flow. The slope of the FDC is reasonably well 
simulated by TRIP river routing scheme in combination with TOPMODEL and PDM runoff generation 
scheme in very high flow and high flow segments. From FDC it can be also be observed that all the six 
model configurations show poor performance in case of medium and low flow prediction. A possible reason 
behind that is, we did not perform any parameterization in all the six model configurations. A study by 
MacKellar et al., (2013a) showed the sensitivity in the prediction of river discharge in Southern Africa due 
to parameterization of PDM and TOPMODEL runoff generation scheme. From the spatial and temporal 
trends of runoff ratio, it can be observed that JULES-TRIP in combination with PDM runoff generation 
scheme always shows flashy response compared to JULES-BASE-TRIP and JULES-TOP-TRIP in both the 
gauging station except in the year 2007 in Damodar bridge. The flashy response of JULES-TRIP-PDM also 
indicates the lower infiltration capacity of PDM runoff generation scheme. A major shortcoming of the 
RFM river routing module is its gross underestimation in streamflow values in both the gauging station 
resulting in lower runoff co-efficient and lower cumulative discharge. RFM river routing scheme in 
combination with JULES-BASE, JULES-TRIP and JULES-PDM always shows damped response in both 
the gauging station. A possible cause of this is the use of slower river wave speed parameter in RFM river 
routing module. So, the performance of the RFM river routing scheme can be improved by appropriate 
tuning of the parameters which control the wave speed of surface and subsurface runoff components. The 
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parameterization of both the runoff generation scheme and river routing scheme is under the scope of future 
work. 

6. Conclusions

This study has applied JULES in Damodar River basin to investigates the effects of runoff production 
scheme and river routing scheme on streamflow simulation with six model configurations. Our preliminary 
results indicate that JULES with TOPMODEL runoff generation scheme and TRIP river routing scheme 
performs best compared to six model settings. The results presented here show that JULES LSM can be 

used as a promising alternative for simulation of streamflow in small scale catchment like Damodar river 
basin. In short, our study indicates that the selection of runoff and river routing schemes is essential in the 
streamflow simulation ofland surface models especially in base flow-dominated regions as it also decides 
the accuracy of the timing and quantity of freshwater flux simulations. Further improvement in model 
simulation can be done by parameterization of both runoff and river routing scheme. Besides that, in this 

study, we have driven the model at 0.5° resolution. The performance of the model can also be improved if 
the simulation is done in finer resolution. It directs to the need for further research on JULES to identify 

the correct resolution of model grid, and select appropriate parameter values of runoff and river routing 
scheme for the better representation of hydrological fluxes in Damodar river basin. 
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Abstract 

Drought is a naturally occurring disaster which occurs in a region due to deficit of precipitation for a 

prolonged period. Drought occurs in all climatic zones and causes a huge impact on the economy, 

agriculture, health and environment, among others, leading to other cascading vulnerabilities. Drought 

analysis has become a major role in determining the occurrence of drought in any region. The study 

aims to analyse the drought trend using the time series Standardized Precipitation Index (SPI) in 

Peninsular India region. The technique applied to the present study is based on the non-parametric 

Mann-Kendall (MK) test to detect the drought for the Peninsular India region. The Peninsular region 

has a tropical climate and depends on monsoon for rainfall. The rainfall in Peninsular region is unevenly 

distributed from region to region ranging with an average from 300mm- 2500mm annually. Recent 

studies indicate that some parts of this region had been experiencing a widespread drought condition 

and millions of people are facing high to extreme water crisis. A clear indication from the study shows 

that during the non-monsoon period most of the region suffer from shortages of water supply and also 

affects agriculture. The study of drought trend has become an important sign to understand the drought 

events in preparing and managing the impact caused due to drought. 

Keywords: Drought, Standardized Precipitation Index (SPI), Mann-Kendall (MK) test, Trend Analysis. 

1. Introduction

Drought is one of the natural disasters which causes a huge threat to humanity. Drought occurs in any 

region due to the prolonged deficit in precipitation. A changing trend in the occurrence of drought has 

been observed in many regions. Trend studies reveal an increase or decrease in events in the coming 

year. Studies have been conducted on both rainfall and drought in different spatial and temporal scales. 

A study conducted by (Rustum et al. 2017) for a long-term rainfall increases due to the positive 

significant trend during the wet seasons and downward trend during the dry season, revealing an 

increase of flood events in the coming year. One of the researches shows that drought trends are not 

only related to rainfall trend but also in the daily rainfall concentration changes both monthly rainfall 

heterogeneity and rainfall seasonality (Deng et al. 2018). An immediate and long-term drought 

evolution is also affected by the changes in the seasonality of rainfall. There is a direct loss on the 

economy due to drought. Due to drought, it affects the population, crops, direct economics losses and 

total crop failure (Shi et al. 2020). Investigating the drought characteristics and their temporal trends is 

relevant in decision making and climate variability adaptation strategies (Byakatonda et al. 2018). There 

is a quantifying drought severity due to global warming which has a higher impact on the semi-arid 

areas. Climate variables are robust in drought monitoring providing climatic variability mitigation 

strategies. Historical rainfall trend information is important in various areas such as hydrology, 

ecosystem, farming etc. which provides a baseline data for climate change mitigation as well as mapping 

drought hotspots (Marumbwa et al. 2019). Drought frequency changes depending on the timescale. 

Different findings on drought forecasting help decision-makers for optimizing water-related issues 
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(Achour et al. 2020).  Understanding the precipitation trends as well as the drought scenario reveals the 

rainfall distribution and the drought severity (Thomas and Prasannakumar 2016) which relates the 

decreasing and increasing trends in rainfall and helps in mitigating the future events. The timescale 

variation has a significant implication on Groundwater conditions. Climate model scenario projects the 

increasing and decreasing trend of rainfall and investigating the potential impacts of climate change on 

the water resources reflects on the future climate scenario (Chanapathi et al. 2018). Increasing 

temperature in recent years causes an increase in severity and frequency of droughts during different 

seasons in different climatic zones, where a continued increase of temperature will continue to increase 

in global warming anticipating severe drought events (Shiru et al. 2019). Identifying drought duration 

and severity identifies the optimal marginal distribution function and a scientific foundation for 

evolution and prediction of hydrological drought under the changing environment (Wang et al. 2020). 

In this study, meteorological drought trend for Peninsular India was analysed from 1958-2017. 

The meteorological drought index, Standardized Precipitation Index (SPI) was calculated for different 

timescale, SPI3, SPI6, SPI9 and SPI12. The study of drought events and its trends has become an 

important concern to facilitate a better preparedness for upcoming droughts. Therefore, this study 

establishes the meteorological drought trend in Peninsular region to understand the drought trend in the 

study area. 

2. Study area and data

Peninsular India comprises of Coastal Andhra, Coastal Karnataka, Kerala, Rayalseema, South Interior 

Karnataka and Tamil Nadu & Pondicherry. The average rainfall in this region ranges from 300mm to 

2500mm annually. The monthly rainfall dataset used for the study period 1958-2017 has been obtained 

from India Meteorological Department (IMD), Pune based on the Homogenous meteorological regions. 

Peninsular India exhibits unique characteristics in the distribution and variation of climate as compared 

to other parts of the country. Peninsular India has a moderate type of climate since it has the influence 

of the sea and hence not much higher or not much lower temperature is encountered in most parts of 

the region. It receives rainfall from South-West monsoon winds and only Tamil Nadu receives rainfall 

due to Northeast monsoon winds. 

Figure 1 The Study area: Peninsular India. 

2. Methodology
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2.1 Standardized Precipitation Index (SPI) 

A meteorological drought; Standardized Precipitation Index (SPI) for different timescale was calculated 

using the precipitation data. SPI was developed by (McKee, T. B., N. J. Doesken 1993) representing 

the abnormal wetness and dryness of a region. The present study uses SPI for analysing the trends in 

meteorological drought in the Peninsular region. Figure 2 below shows the ranges of SPI where more 

than + 2 and less than -2 being described as extremely wet and extremely dry respectively.  

Figure 2 Representation of SPI values. 

2.1 Mann-Kendall Test (MK Test) 

Mann-Kendall is a non-parametric test developed by (Mann 1945) and Kendall (1975) for detecting the 

linear and non-linear trends. The MK test is a statistical method which is mostly used to check the null 

hypothesis of no trend versus the alternative hypothesis of the existence of monotonic increasing or 

decreasing trend of time series data. The non-parametric Mann-Kendall test is fit for those data series 

where the trend may be assumed to be consistently increasing or never decreasing or consistently 

decreasing or never increasing and no seasonal or other cycle is present. 

3. Results and Discussion

In the present study, rainfall data of 60 years (1958-2017) of Peninsular India comprising of Coastal 

Andhra, Coastal Karnataka, Kerala, Rayalseema, South Interior Karnataka and Tamil Nadu & 

Pondicherry have been studied to evaluate the drought scenario at different timescales. Peninsular India 

comprising of 6 (six) regions receives different rainfall and the rainfall mostly depends on the monsoon. 

The meteorological drought Index SPI is dependent only on Precipitation data. The SPI for different 

timescale with 3, 6, 9 and 12-month were computed using the precipitation dataset. The assessment of 

drought trends in this region is crucial for understanding the droughts. To understand the drought trend, 

the Mann-Kendall test was employed to detect the temporal trends of different timescale SPI in the 

study area. In analysing the MK trend test, confidence interval of 95% and the Significance level of 5% 

for different timescale SPI for the study area was considered. There is either an increasing or decreasing 

trend that is significant in a few regions, and in few regions, no trend has been observed for the different 

timescale SPI. Table 1 given below shows the different statistical analysis of the Mann-Kendall Trend 

Test, including Kendall’s tau, p-value, standard deviation, maximum and the minimum SPI value, 

observed for the different timescale. 

Table 1 Statistical Analysis of SPI3, SPI6, SPI9 and SPI12 with Mann-Kendal Trend Test 

Region 
SPI 

timescale 
Kendall's 

tau 
p-value Standard 

Deviation 
Maximum Minimum 

Coastal Andhra 

SPI3 0.016 0.512 0.97 4.138 -2.641

SPI6 0.008 0.748 0.976 4.585 -2.343

SPI9 -0.006 0.808 0.979 3.417 -2.215

SPI12 -0.001 0.965 0.985 2.997 -2.408

Coastal Karnataka SPI3 0.031 0.213 0.952 3.303 -2.776
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SPI6 0.006 0.811 0.973 3.44 -2.865

SPI9 -0.012 0.633 0.98 3.456 -2.333

SPI12 -0.027 0.277 0.983 3.411 -2.076

Kerala 

SPI3 -0.028 0.265 1.11 2.862 -3.807

SPI6 -0.044 0.079 1 3.126 -3.645

SPI9 -0.047 0.059 0.994 3.176 -3.334

SPI12 -0.062 0.013 0.994 3.463 -2.691

Rayalseema 

SPI3 0.065 0.01 0.99 3.071 -3.396

SPI6 0.068 0.007 0.982 2.911 -3.035

SPI9 0.064 0.011 0.98 3.388 -3.043

SPI12 0.075 0.003 0.975 2.889 -2.981

South Interior 

Karnataka 

SPI3 0.026 0.295 1.008 3.32 -4.265

SPI6 -0.006 0.802 1.013 3.05 -3.95

SPI9 -0.024 0.345 1.016 2.919 -3.538

SPI12 -0.036 0.148 1.019 2.486 -3.416

Tamil Nadu & 

Pondicherry 

SPI3 -0.052 0.036 1.044 2.971 -4.422

SPI6 -0.039 0.121 1.104 3.134 -5.151

SPI9 -0.023 0.365 1.144 2.821 -4.605

SPI12 -0.027 0.502 1.185 2.185 -4.895

The maximum and the minimum drought events for the timescale SPI3, SPI6, SPI9 and SPI12 were 

also calculated for the Peninsular region. The negative SPI values indicate a dry condition but as per 

the given representation of the SPI values in Figure 2, the SPI which has value less than -1 indicates a 

meteorological drought condition. We analyse that the region experiences extremely wet and extremely 

dry drought ranging from 4.585 to -5.151 with different timescale SPI. During the monsoon season, 

since some parts of this region receive ample amount of rainfall, those regions have extremely wet 

conditions. Drought condition is observed in all regions of the study area since the region remains dry 

throughout with no precipitation except for monsoon season, the Figure 3 (a-f) represents the time-

series plot for SPI3, SPI6, SPI9 and SPI12 for the study area. 
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Figure 3 (a-f) Timeseries plot for SPI3, SPI6, SPI9 and SPI12 for Peninsular India 

From Figure 3 (a-f), it has been observed that most of the region experience severely dry to extremely 

dry conditions during the non-monsoon period. This region also experiences extremely wet conditions 

during the monsoon season. During the study period from 1958-2017, this region has experienced 

extremely dry conditions in almost all the Peninsular regions. From the monthly SPI3, SPI6, SPI9 and 

SPI12 results, it is certain that the study area suffers from a shortage of rainfall and suffer from drought 

very often. A continuous situation of drought in the study area would become the future intolerable as 

the dry period lengthens with little or no precipitation. 

3. Conclusions

Drought is not a sudden event, it takes over a prolonged time and its occurrence, magnitude and intensity 

are difficult to predict. The SPI with different timescale was developed for Peninsular India to study the 

drought trend for the past 60 years (1958-2017).  Analysis has shown that precipitation is one of the 

major factors leading to the changes in wetness and dryness in the study region. A clear indication has 

been observed that during the non-monsoon period, most of the region remains dry leading to drought 

conditions. During the non-monsoon period, it is seen that some regions suffer from shortages of water 

supply which also affects agriculture. Understanding the drought trend and drought events over the 

years play a significant role in the management and preparedness of this disaster which is causing a 

huge impact on the environment. Further studies are also needed to develop for the urgent need for 

future planning and drought management strategies in the given area to combat the water crisis in 

Peninsular India. 
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Abstract 

Attempts for utilizing freely available Multi-Spectral Satellite (MSS) imagery as a rapid methodology for water 

quality monitoring has been prevailing since the advent of satellite remote sensing. The better spatial and 

spectral resolution of Sentinel 2 MSI imagery open up an avenue for research in its utilization for studies in 

inland and coastal water bodies. The use of satellite imagery is limited by the uncertainty caused by atmospheric 

interference. Successful retrieval of reliable information from these imageries requires them to be 

atmospherically corrected. Though various algorithms are available for atmospheric correction, their efficiency 

depends on various factors. The present study attempts to compare the bottom of the atmosphere (BOA) 

spectrum of Sentinel 2 MSI imagery corrected by three algorithms Sen2Cor, Acolite and C2RCC. The 

comparison of these methods indicated that C2RCC provided a more realistic spectrum based on the shape of 

the spectrum available from the literature. The study of variations in the spectra of different areas in different 

seasons is attempted here as an easy and quick way to throw light into the optical status of the water body 

Keywords: Atmospheric  Correction Algorithm, Sentinel 2, C2RCC, Sen2Cor, Acolite,Spectrum 

1. Introduction

The spectral reflectance curve or spectrum represents the amount of reflectance from a surface as a 

function of wavelength. The energy reflected from a water column is dependent on the absorption and 

scattering properties of the constituents present in it i.e., its Inherent Optical Properties (IOP) 

(Preisendorfer, 1975). The IOPs are dependent on the optically active constituents of water such as 

phytoplankton (algae), non algal particles (NAP) (i.e, inorganic suspended sediments) and dissolved 

organic matter (DOM)(IOCCG, 2006). Examination of the characteristic features in the spectrum may 

indicate the approximate trophic status of the water body. Pure water is found to have low or near zero 

absorbance in visible spectrum, and high absorbance in the near infrared (NIR) region.(Morel & 

Prieur 1977)  The reflectance peaks in the blue region is due to back scattering by water molecules. 

Higher reflectance peaks in the red may be an indication of suspended sediments (SS), and SS blocks 

the transmittance of light to and from the water body. The mineral particles are found to have 

scattering in the green bands and higher wavelengths. (Bowers & Binding  2006). CDOM absorbs 

blue light and has negligible absorption in higher wavelengths, and the water with CDOM may appear 

yellow or brown (Bowers & Brett  2008). Algal blooms alter the reflectance in the blue region due to 

the combined absorption of phytoplankton, sediments and organic matter. High reflectance in the 

green region (560nm) and high absorption in the blue (440 nm) and red regions (675nm) indicates the 

presence of chlorophyll activity (Gordon and Morel 1983) 

Ever since the advent of satellite imageries, significant attempts have been made to use remote 

sensing for monitoring of water bodies, both oceans and inland. A challenging task of using remote 

sensing for water quality monitoring is the high absorbance of water in the available bands, causing 

very weak signals. Around 90% of the received signals contain contributions from atmospheric gases 

(Rayleigh scattering), aerosol scattering, and other erroneous signals due to sun glint and white caps 

(Gordon et.al 1994; Wang 2010; Warren et.al 2019). Removing the atmospheric interference is, thus, 
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the first and the important step in using satellite remote sensing for water quality monitoring (Gordon 

et.al 1978; Gordon and Wang 1994; IOCCG  2006; Wang 2010). 

Several atmospheric correction (AC) processors have been developed, some specifically for water 

surfaces and others for both land and water. The basic theory behind atmospheric correction over 

water surfaces is the assumption that pure water has very high absorption in the NIR and SWIR 

regions. Any reflectance observed in this region is assumed to be contributed by atmospheric 

interference and subtracted from all the bands (Gordon and Wang 1994; Seigel et.al. 2000). This 

principle holds good for oceanic waters to some extent. The inland water bodies are more complex 

compared to oceanic waters as the presence of the optically active constituents (OACs),  like 

phytoplankton, detritus and CDOM, are rather independent of eachother (Prieur and Sathyendranath 

1981). The composition, quantity and extent of contributing sources also vary widely in inland water 

bodies. The scattering property of particulate matter (sediments or organic) present in the water causes 

error in the black pixel assumption in the NIR region, the reference band for atmospheric correction. 

The assumption of negligible water reflectance from SWIR has been found to be effective for turbid 

productive waters (Wang and Shi 2007). Recently developed Dark Spectrum Fitting (DSF) 

(Vanhellemont and  Ruddick 2018; Vanhellemont  2019) uses multiple dark targets in a band in a 

particular scene to detect the darkest target, and this, in turn, is used for the estimation of path 

radiance. There are algorithms based on neural networks developed from large data sets which relate 

water leaving radiance or reflectance to absorption and scattering properties of water (IOP).  

A corrected spectrum has to be validated by field measurements. The validation can be done with 

spectral measurements from flagged pixels, or by in-situ measurements of constituents derived from 

this spectral data using empirical or semi-analytical methods. The latter requires lab analysis of 

samples taken from the area. Preliminary knowledge of the optical and trophic status of the study area 

is necessary for choosing the location and number of sample points to represent the variability, and 

also enough points to confirm the consistency of the results. As conventional water quality monitoring 

with in-situ measurements and lab analysis is time-consuming, labour intensive and expensive, 

choosing the right locations for sampling points is of utmost importance. Hence, the preliminary step 

for site survey is the selection of the ample number of sample points and its locations, to rightly 

represent the spectral and spatial variability of a water body. 

 This study analyses the atmospherically corrected spectral information of the northern region of 

Vembanad Lake (i.e.Kochi Kayal), derived from Sentinel 2 MSI imagery. A synoptic view provided 

by the satellite imagery helps in comparing the spectral variability spatially. The spectral information 

is dependent on the Optically Active Constituents (OAC) present. This information may be used for 

deciding the number and location of sample points for in-situ measurements. The study compares the 

atmospheric interference corrected Bottom of Atmosphere (BOA) reflectance of Sentinel 2 MSI 

imageries of Vembanad Lake, derived using three Atmospheric correction processors, C2RCC, 

Acolite and Sen2Cor. It is a preliminary study and not validated using in-situ spectra, but the 

performance is assessed by comparing it with the spectra available from the literature. The variability 

in the shape of the reflectance spectra is also studied and the possible reasons for the variability are 

also discussed.  

2. Materials and Methods

2.1 Study Area 

The area chosen for study is the northern region of Vembanad lake, i.e, Kochi Kayal. The lake is the 

longest in India, the largest in Kerala and one of the three protected Ramsar sites in Kerala. Various 

studies conducted on the environmental status of the lake have revealed its deteriorating condition due 

to anthropogenic activities (Verma 2002; Balachandran et.al;  2005, Prija  et al., 2007). The Kochi 

Kayal area is spotted by several fisheries industries. It is also a highly populated urban area with 

several tourist resorts and high rise building. It is reported that many such establishements discharge 

inadequately treated domestic wastes into the nearby water sources, all of which empties into the lake. 
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2.2 Satellite Data 

Sentinel 2 is a Multispectral satellite mission commissioned by European Space Agency (ESA) in 

July 2015. The sun-synchronous, polar-orbiting dual satellite mission (S2A and S2B) phased at 1800 

to each other provides support for land and water monitoring. The revisit time of a satellite is 10 days, 

which gives a temporal resolution of 5 days with data from two satellites, and that of 2-3 days for 

mid-latitudes. The imageries provide radiometrically and geometrically corrected top of atmosphere 

(TOA) reflectance in  13 bands (4 in Visible region, 6 in NIR region and 3 in SWIR) with a spatial 

resolution of 10, 20 and 60 m, the better spatial resolutions for the widely used visible bands.  The 

bands 8A and 9 are water vapour retrieval bands. The band 10 is used for the Cirrus cloud correction 

and does not contain surface information. The high temporal resolution combined with better spatial 

resolution and free availability have made the imagery popular and advantageous for research 

purposes. Sentinel data is freely downloadable at Copernicus Open Access Hub 

https://scihub.copernicus.eu. The data products available are Level 1C (L1C) - top of atmosphere 

(TOA) reflectance and Level 2 B (L2B) - Bottom of Atmosphere (BOA) reflectance, both in 

cartographic geometry. They are ortho-rectified images in UTM projection / WGS84  datum. 

The L1C images from S2A for the days 30th December 2019, 14th October 2019 and 25th March 2019 

were used for the study. The image of 30th December 2019 (30 Dec) is corrected using three 

Atmospheric correction processors, C2RCC, Acolite and Sen2Cor. The spectrum is compared with 

the available literature, and one that is most acceptable is chosen for correcting the images of 14th 

October 2019 (14 Oct) and 25th March 2019 (25 Mar). These spectra are compared to study the 

temporal variability.   

2.3  Atmospheric Correction Processors 

Preprocessing and analysis of imageries were carried out by using SeNtinel Application Platform 

(SNAP) software developed by the European Space Agency (ESA). It consists of several open-source 

toolboxes and bundled packages for the processing of MERIS, Sentinel and Land SAT imageries. The 

processing steps include resampling, reprojecting to WGS and clipping the study area from the 

downloaded images. Three atmospheric Correction Processors are used in this study, Case 2 Regional 

Coast Colour (C2RCC), Acolite and Sen2COR. Sen2cor and C2RCC are available as plugins in 

SNAP.  

C2RCC processor derives the water leaving radiance reflectance (ρ) and IOP from TOA radiances by 

using Artificial Neural networks. It uses of a large database of around 5 million cases, generated from 

in-situ measurements obtained from the NOMAD database, the Coast colour database and also 

simulated results from the radiative transfer model (HYDROLIGHT). This processor has the 

advantage of masking out the uncertain pixel as Out Of Scope (OOS) to denote that the reflectance at 

a wavelength is beyond the limits of the training set. It also considers the covariance between the 

constituents. (Brockmann et.al 2016) 

Acolite is a stand-alone processor for Sentinel 2 and LANDSAT 5/7/8. Sentinel 2 L1C data can be 

input in SAFE format. The processor does the Rayleigh correction from a Lookup table generated by 

6SV and Aerosol correction by using Dark Spectrum Fitting (DSF) or Exponential (EXP) method. 

(Vanhellemont  2019). The corrected water reflectance (ρ) is used to derive various parameters like 

Suspended Matter Concentration (SPM), turbidity, Chlorophyll concentration, absorption and 

backscattering coefficients of constituents by using available algorithms 

(ACOLITE_manual_20190326.0. (2019). The output from Acolite in .nc format can be viewed and 

analyzed in SNAP 

Sentinel 2 Correction (Sen2Cor ) is based on Dense Dark Vegetation (DDV) as it is developed for 

land products. The algorithm to estimate the aerosol thickness using the dark vegetation pixels at 550 

nm based on correlation between B12 (SWIR) and Visible bands. and  uses these (De Keukelaere 
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et.al. 2018, Warren et.al 2019). Water vapour retrieval is carried out by using the Atmospheric Pre-

corrected Differential Absorption (APDA) algorithm applied on band 8A(865nm), and Band 9 

(945nm), the former being a reference channel in the atmospheric window and the latter the 

measurement channel. Atmospheric corrections are carried out based on lookup tables generated by 

libRadtran.(Main-Knorn et al., 2017; Warren et al., 2019). L2A images provided by Sentinel is 

corrected by using  the Sen2Cor algorithm for atmospheric correction.  

3. Results and Discussions

Around 44 random pinpoints were taken along the various sections of the Vembanad Lake, and a few 

on the streams discharging into the lake. Three atmospheric correction algorithms, Sen2Cor, Acolite 

and C2RCC were applied to the imagery for obtaining the bottom of atmosphere reflectance. As 

indicated earlier, the Case 2 Regional Coast Colour processor (C2RCC), developed by Doerffer and 

Schiller (2007) uses neural networks based on a large database generated by radiative transfer 

simulations. It provides angular dependent water leaving reflectance (ρ) in 8 bands (visible and NIR) 

and normalized reflectance (ρn) in 6 other bands. The Acolite does the Rayleigh correction using 6SV 

generated Look Up Tables and aerosol corrections based multiple dark targets in a scene, i.e., Dark 

Spectrum Fitting algorithm (DSF) (Vanhellemont and Ruddick, 2018). There is also an option for 

computing aerosol reflectance from two SWIR bands 1.6 µm and 2.2µm and then extrapolated to the 

visible and NIR( i.e, EXP method). DSF Option was chosen as it was recommended for inland and 

coastal water bodies. Sen2cor gave corrected BOA reflectance Rrs in 11 bands (Band 8 and 10 

omitted). The aerosol type and depth were calculated using Dense Dark Vegetation Algorithm (DDV) 

and atmospheric corrections were estimated based on lookup tables generated by libRadtran 

3.1 Comparison of Bottom of Atmosphere (BOA) reflectance 

The Bottom of Atmosphere (BOA) true colour RBG image indicates the effectiveness of the 

atmospheric correction. It is evident from Figure 1 that Acolite corrected image (Figure 2) has better 

clarity. This may be due to the aerosol correction method adopted in these algorithms. Acolite uses 

Dark Spectrum Fitting (DSF) which identifies the darkest target in each band instead of traditional 

exponential fitting from NIR or SWIR bands. Sen2cor uses Dense Dark Vegetation for identifying the 

aerosol contribution to the reflectance bands. The scene is dominated by urban area and lacks 

sufficient dark vegetation pixels for estimation of aerosol thickness, and hence the derived BOA 

image did not show good results. 

Figure 2 Acolite Bottom of Atmosphere (BOA) 

(rhos) RBG image (30 Dec) 
Figure 1 Sen2Cor Bottom of Atmosphere 

(BOA) (rhos) RBG image (30 Dec) 
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3.2 Comparison of Spectrum 

C2RCC gave only 6 corrected bands (4 Visible and 2 red edge), while Sen2Cor and Acolite gave 11 

bands (4 Visible, 3 red edge, 2 NIR and 2 SWIR). Two NIR bands (8A and 9) are intended for water 

vapour retrieval and Cirrus cloud detection. The SWIR bands are not of much use for water 

monitoring owing to the high absorption of water in these bands, yet some studies found them useful 

in turbid waters (Wang and Shi 2007). 

The TOA reflectance and BOA reflectance is shown in Figure 3. The Pin-points were classified into 

three classes (colours) based on the shape of the spectrum on 30th December 2019 (30 Dec) obtained 

from C2RCC (Error! Reference source not found.4). High TOA Reflectance in NIR and SWIR 

bands was observed for red pinpoints and yellow pinpoints. It may be due to the presence of 

particulate matter (organic or non-organic) which exhibits backscattering property. 

These pin-points were transferred to all the imageries to study the variations in the behaviour of the 

spectrum corrected by other processors.  

Figure 3 C2RCC Spectrum TOA(rtoa) and BOA Reflectance(ρn) (30 Dec) 

The spectrum displayed similar shape for C2RCC and Acolite algorithms, with just a few exceptions. 

A peak in reflectance in the green band (560nm) was the general trend. The peaks flattened to a lower 

value along the narrow inland streams, indicating the high presence of absorbing constituents. 

Spectrum provided by C2RCC algorithm (Figure 4) was considered as acceptable based on previous 

studies which validated its atmospheric correction ability (Brockmann et.al 2016; Warren et.al 2019; 

Sandoval et.al 2019; Ruescas et. al. 2019). A comparative study on the performance of several 

algorithms showed C2RCC gave more match-ups for all bands and also the spectral shape matched 

best with in-situ spectra available in literature. The spectral angle, which measures the similarity with 

actual spectral shape, was also found to be the lowest (best) for C2RCC. But, red and NIR bands were 

found to have greater uncertainties, may be due to low signal strength and low SNR. Adjacency effect 

was also found to be a source of uncertainty due to the presence of land pixels in the vicinity (Warren 

et.al 2019). The spectrum of blue pin-points showed a higher peak around B3(560 nm), and sloping 

towards either side. The yellow pin-points also showed a similar spectral shape, but the peak in B3 

was much lower and the slopes flatter. The red pin-points showed  a deviation from the standard 

shape with a higher reflectance in the B1 (440nm) blue region and a decreasing reflectance in all other 

bands, with negligible values (<0.0015) in B4 (665 nm), B5 (705 nm) and B6 (740 nm). It was 

observed that blue pinpoints were found on the main lake with deeper waters, the yellow pinpoints 

were on the narrow streams and the red ones were very close to the bank, probably very less water 

depth.  

The peak in the green region may be an indication of the presence of chlorophyll. Yellow pinpoints 

form a class with lower reflectance in all regions, indicating the greater presence of absorbing 

constituents like chlorophyll, particulate matter and/or CDOM. These points were mainly found on 

the narrow streams contributing to the lake. The area is thickly populated with many small scale and 
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large scale industries, and the presence of absorbing constituents is not surprising in these streams. 

The CDOM and particulate matter get flushed here and get dispersed as they move towards the main 

lake, reducing their concentration. The blue pinpoints mostly lie on the main lake, where the 

pollutants are mostly dispersed or diluted. 

Figure 4 C2RCC spectrum Normalized BOA reflectance (ρn) (30 Dec) 

The spectrum obtained from Acolite (Error! Reference source not found.5) showed similarity with 

that obtained from C2RCC, though it gave more number of corrected bands in NIR and SWIR. Here, 

the spectrum from yellow pin-points did not show much distinction from the blue points, though the 

reflectance in B3 was lower compared to Blue pin-points. The reflectance in B3 was found to be in 

the range 0 .010-0.015 while C2RCC gave values below 0.005. The peculiar shape of C2RCC 

spectrum from the red pin-points was not found in Acolite spectrum. But these pin-points stood out in 

NIR and SWIR bands with high reflectance values, which may be an indication of the presence of 

particulate matters and sediments. Peaks were also observed in B7 (780 nm) red-edge and little peak 

in B8A (865 nm). These higher reflectance values in NIR and SWIR bands were also observed in the 

spectrum obtained from Sen2Cor for the red pin-points also 

Figure 5- Acolite Spectrum Normalised BOA reflectance (30 Dec) 

Reflectance in the blue region provided by Sen2Cor (Figure 6) showed a higher value (almost 10 

times) when compared to the other two algorithms. Sen2Cor is developed for land areas and uses 

vegetation as dark targets. The area being a densely populated,  urban area lacks sufficient dark 

vegetation pixels and hence higher reflectance was obtained in all bands. The inaccuracy in using 
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Sen2Cor for water bodies has also been shown in previous studies (Warren et.al. 2019; Sandoval et.al. 

2019). 

Figure 6 Sen2Cor Spectrum – BOA reflectance (30 Dec) 

Spatial variation in shapes and reflectance of the spectrum is visible from the study. The correlation 

with the constituents can be identified only by sample analysis from these pinpoints. But the analysis 

of the spatial variation in the spectral behaviour of water body helps to identify the locations for 

sample points. This study has shown that there were not  significant variations in spectral behaviour 

on the main lake. Noteworthy variations were found in the narrow inland streams, where detailed 

sample analysis was required. Some of these pinpoints showed spectrum deviating from the standard 

shape (high reflectance in blue bands), which needed to be investigated.  Hence, the number of sample 

points in the main lake can be limited and more points can be considered in the inland streams feeding 

the lake.  

With an effective atmospheric correction processor, scrutinizing the spectrum from the satellite 

imagery gives a preliminary picture of the spatial variations in the optically active water constituents. 

It is a necessary step to be adopted for limiting unnecessary sample locations and redundant data.   

3.4 Seasonal Variation 

Two imageries of the study area on 14th October 2019 (14 Oct) and 25th March 2019 (25 Mar) were 

also atmospherically corrected using C2RCC to compare the seasonal variation. 

Figure 7 C2RCC spectrum (14 Oct) 

14 Oct spectrum (Figure 7) showed reflectance peaks in green (B3) and red edge (B5). The spectral 

shape was similar for all pin-points, except flatter slopes for yellow and red pin-points. The high 
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reflectance in blue bands that were observed for red pinpoints in 30 Dec was not found here. The lake 

showed signs of more drying up in October than in December or March. Several pin-points were not 

included in water pixels and hence their spectrum not available. Several the narrow streams had dried 

up in October and even the main lake had many dry patches.  

25 Mar spectrum (Figure 8) did not show much variation with that of 30 Dec, except for the yellow 

pin-points. They followed the trend of the red pinpoints with the high blue reflectance and decreasing 

reflectance in all other bands, indicating that the water depth may be very less in the narrow streams. 

The peak in B3 went a little high (0.05) on 25 Mar., while that on 30 Dec was less than 0.03 which 

may be an  indication of higher chlorophyll content in March. 

Figure 3 C2RCC spectrum (25 Mar) 

4. Conclusions

Three atmospheric correction algorithms were used to derive the bottom of atmosphere (BOA) 

reflectance from the Sentinel MSI imageries of the study area. The BOA reflectance true colour image 

derived by Acolite atmospheric correction processor showed better clarity than the Sen2Cor 

processor. Based on the shape of the spectrum, and previous validation studies on atmospheric 

correction algorithms, those obtained from C2RCC and Acolite were found to be reasonable and 

acceptable. However, the accuracy of the correction algorithm for the area of study needs to be 

validated with in-situ spectral measurements from the pinpoints. The analysis of the spectrum does 

not show many spatial variations in the main lake. Deviations were observed on the inland streams 

contributing to the main lake. The narrow contributing streams were found to have very low 

reflectance, indicating the greater presence of absorbing constituents like CDOM and/or particulate 

matters in higher concentration. The spectrum from pinpoints close to the banks showed a peculiar 

shape with higher reflectance in the blue bands, the reason for which needs to be investigated by in-

situ measurements and lab analysis of samples. 

Sentinel MSI imageries of different time periods were atmospherically corrected by C2RCC  to study 

the seasonal variations in their spectral behaviour. The study showed that the lake and contributing 

streams had many dry patches in October 2019, more than March 2019 and December 2019. The 

reason behind this behaviour against the normal assumption is also to be investigated. This dry spell 

reflected on the spectrum, with many pinpoints falling on non-water pixels. The shape of the spectrum 

obtained for different classes also varied, indicating the changes in the concentration and composition 

of OAC.  

 The optical properties captured by the satellite imageries give indication about the constituents 

present in the water, though the actual composition could only be revealed by lab analysis. Examining 

the variability and similarity in the spectrum of the area from satellite imagery gives us preliminary 
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information about the spatial variation of the Optically Active Constituents (OAC) present in them. It 

also helps us to identify the critical points that need further investigation. Random points from 

spectrally similar as well as dissimilar areas may be considered for the actual study. 

This study has helped us to identify the critical positions on Kochi Kayal. The number of sample 

points on the main lake can be limited and more points can be considered in the inland streams 

feeding the lake. 

With an effective atmospheric correction, the information about the optical status of a water body 

captured by the spectral curves could help in indicating the trophic state of water. Thus the 

observation of the spectrum of the area could indicate the bio-optical status of the water. This 

preliminary analysis would help in choosing the area of study for further investigation.   
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Abstract 

Management of ground water resources in coastal aquifers requires special attention to minimize the impact of sea 
water intrusion. Salinity studies in the coastal villages of Bhavnagar district and Una taluka need to be carried out to 
understand the dynamics of rainfall, variation of groundwater levels and the quality parameters for pre-monsoon and 
post monsoon periods. In this paper annual rainfall data trends are studied for the period between 2001 to 2019 for 
seven meteorological stations namely Bhavnagar, Ghogha, Talaja, Mahuva, Rajula, Jafrabad and Una. Furthermore, 

analysis of pre-monsoon and post monsoon static water levels, pH, Electrical conductivity, TDS, bicarbonates and 
chlorides is also carried out for some villages in Bhavnagar district and Una taluka. The average rainfall in study area 

is about 750 mm. The ratio of Cl/ (CO3 + HCO3) and the amount ofTDS in groundwater of study area is beyond the 
permissible limits which indicates the impact of sea water intrusion. Mahuva, Rajula and Una taluka consists patches 
of alluvial deposits, where the sea water intrusion effect is prominent. Groundwater use for drinking and irrigation 
requires proper assessment of salinity ingress in coastal areas so as to frame long term sustainable water management 
strategies. 

Keywords : Salinity, Coastal aquifer, Ground water, Sea Water Intrusion. 

Introduction: 

Mithum Thomas (2017)[ 1 1 reported as the world's population is growing at an alarming rate, fresh water 
supply is being constantly depleted, bringing with it issues such as salt water intrusion and increasing the 
importance of groundwater monitoring, management and conservation. Ground water is one of the most 
source of water for the human development. But over exploitation of this resource leads to a great water 
scarcity in the area where there is no other source of water available for the need of drinking, irrigation, 
domestic, industrial etc. As a result, the area near by the coast line are more suspected to have the 
unavailability of water. Due to overdraft of water through the different types of wells in the vicinity of the 
coastal area leads the lowering of the ground water table and at some places the wells are getting dry. 
Ultimately as there depleting trend of water in the coastal area, the possibility of sea water intrusion 
increases. The salinity ingress taken place due to the tidal effects in the Saurastra region of Gujarat as major 
cause is over draft of ground water and poor natural recharge. As a result the sea water intrusion has been 
observed in reach over approximately 180 Km in the coastal area of the Saurastra region covering the 
coastal linear distance from Bhavnagar to Una. It was observed that rainfall is responsible for the change 
in ground water level and the quality of ground water, where the sea water is already intruded. A case study 
was conducted for the coastal area from Bhavnagar to Una. Rainfall variation analysis, ground water level 
variation analysis and the water quality analysis has been carried out between 2001 to 2019. 

The monitoring of seawater intrusion in general involves the measurement of parameters such as electrical 
conductivity, total dissolved solids (TDS), concentration of major and minor ions. These measurements 
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will help to understand early signs of the movement of the freshwater-saltwater interface (Kim et al 2006, 
Barlow & Reichard 2010, Kim et al 2009)l2l. Each of these parameters need to be used in an integrated 
manner to assess the dynamics of movement of seawater and freshwater interface zone. The use of multiple 
approaches for determining seawater intrusion have been highlighted by many researchers. 

Study Area 

The area under consideration is falling between the coast line from Bhavnagar to Una in linear stretch 
covering average 5 to 8 Km towards the landward side. The Study area lie between Latitude between 22° 

45' to 23° 35' and longitude 70° 40' to 70° 20' covered in the survey oflndia toposheet Nos. 46 C/1, 2 ,6, 
41 C/3, 7, 41/P5, 9 ,  12, & 41 Cl. The total linear distance under consideration among the coast line is 200 
Km Approximately. The perimeter of the study area is 410.92 km and the area under consideration is 
1,202.15 km2

• 

(Figure No.1 : Map of the study area in Gujarat, From Bhavnagar to Una) (Source: Google Earth) 

Drainage 

In the upper reaches of the area, there is dendritic type of drainage basin in basaltic terrain is available. 
When the streams enter limestone country it has karstic pattern having few tributaries. Drainage in 
Milliolitic terrain is straight and do not have many tributaries representing typical karstic terrain. 

Rainfall Analysis 

Yearly rainfall data collected from year 2001 to 2019 for the Bavnagar, Ghoga, Talaja, Mahuva, Rajula, 
Jafrabad and Una. Rainfall trend analysis shows the variation of the rainfall in the study area, on an average, 
from 400 mm in year 2001. The rainfall is found to be increased in period of year 2004 to 2006 by above 
1000 mm. During the period of year 2012 the rainfall in the study area was found to be about 250 mm, 
which could be considered as the year of draught in the coast line of the Saurastra region. In the year 2013-
2014, the rainfall is found to be drastically high as more then 1250 mm. From year 2014 to 2017, the rainfall 
is found to be in moderate range from 900 mm to 500 mm. In recent past, that is in the year of 2018 and 
2019, the intensity of rainfall is found to be average 950 mm. The analysis on the base of district under 
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consideration shows that among all seven taluka, the amount of rainfall is found to be maximum in the 

region of Una, whereas in Talaja Taluka, the average rainfall has been found to be minimum. The future 

trend of the rainfall shows that in next five year the average rainfall in the study area will be about 800 mm, 

which is 50 mm more then the average rainfall since 2001 to 2019. The rainfall pattern follows the trend 

equation as y = 0.0014x +736.81 and the root mean square value as R2 = 0.0001. 

(Graph No. 1 : Rainfall trend analysis of six Talukas from year 2001 to 2019) 

Materials and Methods 

Total 73 wells are identified and the data was collected from the Ground Water Resources Development 

Corporation (GWRDC) Rajkot sub division office. The pre monsoon and post monsoon data from the year 

2001 to 2019 for the Static Water Level (SWL) in m, EC value in terms ofµ mhos/Cm, pH, TDS (ppm), 

CO3(ppm), HCO3(ppm) and Cl (ppm). To find the sea water intrusion in the study area Cl / (CO3 + HCO3), 

ratio was used. Normally, the ratio is less than 0.05 for fresh ground water, 0.05 to 1.30 for slightly 

contaminated ground water, 1.2 to 2.8 for injuriously contaminated ground water. 

The pre monsoon and post monsoon data for each 73 wells were available from year 2004 to 2019. The 

data has been averaged and the respective plots are prepared to understood the sea water intrusion along 

the coast line from Bhavnagar to Una. The details of all the observation wells are given in Annexture-1. 

The Well number, Name of Village, their Taluka and Latitude and Longitude are shown in the Annexure 

-1.
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(Figure No.2 : Location Map of wells in the study area  From Bhavnagar to Una )  

( Source : Google Map) 

Results and Discussion 

(Graph No. 2 : Variation of Static Water Level from year 2004 to 2019) 
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(a) Variation of Static Water Level : The average value of the static water level including the pre
monsoon and post monsoon has been calculated and for all 73 observation well from year 2004 to
2019, the values are plotted. The well numbering is given in such a way that well number 1 is near
by Bavnagar and as the well number is increases the last well is at Una. The distribution of the
observation well is scattered along the coast line and on an average almost all observation wells are
lies within the limit of 12 Km from the coast line. Some of the wells are very near to the sea. The
static water level depletion is found to be predominant in the villages near by Mahuva which

(Graph No. 1 : Rainfall trend analysis of six Talukas from year 2001 to 2019) 
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(Graph No. 1 : Rainfall trend analysis of six Talukas from year 2001 to 2019) 
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Annexure 1:  

Table showing the Name of Village, Taluka  and their Location 

Sr. 
No. 

Village Taluka District Latitude Longitude 

1 Ghogha Ghogha Bhavnagar 21°40'57" 72°15'38" 

2 Bhuteshwar Bhavnagar Bhavnagar 21°41'13" 72°12'53" 

3 Koliyak Bhavnagar Bhavnagar 21°36'06" 72°17'08" 

4 Padva Ghogha Bhavnagar 21°35'53" 72°13'40" 

5 Lakhanka Bhavnagar Bhavnagar 21°31'19" 72°15'03" 

6 Bhensavadi Talaja Bhavnagar 21°30'50" 72°12'51" 

7 Chhaya Ghogha Bhavnagar 21°30'23" 72°12'03" 

8 Paniyali Ghogha Bhavnagar 21°29'53" 72°11'41" 

9 Odarka Ghogha Bhavnagar 21°30'40" 72°10'05" 

10 Sonsiya Talaja Bhavnagar 21°25'36" 72°11'41" 

11 Garibpura Ghogha Bhavnagar 21°27'14" 72°08'47" 

12 Takhatgadh Talaja Bhavnagar 21°21'48" 72°07'57" 

13 Padari(Gohil) Talaja Bhavnagar 21°21'40" 72°07'03" 

14 Sathara Talaja Bhavnagar 21°22'38" 72°07'08" 

15 Piparla Talaja Bhavnagar 21°22'48" 72°06'04" 

16 Trapaj Talaja Bhavnagar 21°25'36" 72°11'41" 

17 Nichadi Talaja Bhavnagar 21°15'34" 72°04'18" 

18 Khandhera Talaja Bhavnagar 21°17'07" 72°04'29" 

19 Sakhvadar Talaja Bhavnagar 21°17'47" 72°03'47" 

20 Pavthi Talaja Bhavnagar 21°18'38" 72°02'14" 

21 Ambla Talaja Bhavnagar 21°13'45" 72°03'12" 

22 Zanzmer Talaja Bhavnagar 21°11'14" 72°03'21" 

23 Vejodari Talaja Bhavnagar 21°12'34" 72°00'51" 

24 Methla Talaja Bhavnagar 21°09'31" 72°01'00" 

25 Kotda Nicha Mahuva Bhavnagar 21°08'19" 71°57'46" 

26 Bhatakda Mahuva Bhavnagar 21°09'45" 71°57'21" 

27 Katakda Mahuva Bhavnagar 21°09'40" 71°56'14" 

28 Raniwada Mahuva Bhavnagar 21°10'58" 71°55'15" 

29 Naip Mahuva Bhavnagar 21°05'33" 71°51'35" 

30 Bhadrod Mahuva Bhavnagar 21°08'43" 71°49'08" 

31 Vaghnagar Mahuva Bhavnagar 21°05'51" 71°47'52" 

32 Bhuteswar(vadli) Mahuva Bhavnagar 21°06'24" 71°47'24" 

33 Vadli Mahuva Bhavnagar 21°06'55" 71°46'41" 

34 Talgajarada Mahuva Bhavnagar 21°07'57" 71°46'01" 

35 Siloj Una Gir Somnath 20°48'36" 71°00'50" 

36 Tad Una Gir Somnath 20°45'14" 70°56'23" 

37 Delwada(Guptaprayag) Una Gir Somnath 20°47'02" 71°01'25" 

38 Khan Una Gir Somnath 20°47'06" 71°04'36" 

39 Dandi Una Gir Somnath 20°47'07" 71°05'27" 

40 Khajudra Una Gir Somnath 20°47'40" 71°06'41" 

41 Gangda Una Gir Somnath 20°51'43" 71°10'12" 

42 Bhada Jafrabad Amreli 20°53'01" 71°13'31" 

43 Rohisa Jafrabad Amreli 20°50'18" 71°14'54" 
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44 Balana Jafrabad Amreli 20°50'38" 71°16'42" 

45 Babarkot Jafrabad Amreli 20°52'22" 71°24'51" 

46 Varahsvarup Jafrabad Amreli 20°53'12" 71°26'31" 

47 Kadiyali Rajula Amreli 21°00'50" 71°28'50" 

48 Vangar Mahuva Bhavnagar 21°02'32" 71°39'44" 

49 Dudhala No.1 Mahuva Bhavnagar 21°02'45" 71°42'18" 

50 Bhanvad Mahuva Bhavnagar 21°05'24" 71°43'34" 

51 Padhiyarka Mahuva Bhavnagar 21°02'20" 71°40'40" 

52 Madhiya Mahuva Bhavnagar 21°02'26" 71°40'41" 

53 Dantardi Rajula Amreli 21°02'40" 71°36'20" 

54 Sajanavav Rajula Amreli 21°03'05" 71°36'12" 

55 Kumbhariya Rajula Amreli 21°03'11" 71°31'55" 

56 Ganjavadar Rajula Amreli 21°03'12" 71°31'37" 

57 Uchaiya Rajula Amreli 20°58'10" 71°27'32" 

58 Lothpur Jafrabad Amreli 20°57'41" 71°25'56" 

59 Jafrabad Jafrabad Amreli 20°51'44" 71°21'42" 

60 Jafrabad Jafrabad Amreli 20°52'05" 71°21'31" 

61 Mithapur Jafrabad Amreli 20°55'55" 71°20'41" 

62 Manekpur Una Gir Somnath 20°48'41" 71°12'30" 

63 Sondardi Una Gir Somnath 20°51'39" 71°12'10" 

64 Sondarda Una Gir Somnath 20°52'06" 71°11'56" 

65 Timbi Jafrabad Amreli 20°53'08" 71°11'44" 

66 Simar Una Gir Somnath 20°46'29" 71°08'56" 

67 Motha Una Gir Somnath 20°49'43" 71°07'56" 

68 Rameshvar Una Gir Somnath 20°50'42" 71°08'03" 

69 Kalapan Una Gir Somnath 20°46'12" 71°04'03" 

70 Anjar Una Gir Somnath 20°47'22" 71°03'52" 

71 Una Una Junagadh 20°49'21" 71°03'24" 

72 Mota Desar Una Gir Somnath 20°47'22" 71°00'05" 

73 Delwada Una Gir Somnath 20°46'17" 71°02'39" 
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Abstract 

The current study evaluated the health risks associated with the consumption of water from River Gomti 

contaminated with heavy metals. The river water is used for drinking and irrigation practices by ~3 million people 

in Lucknow city. The Total Hazard Index (THI) exceeded the acceptable limit of unity at all sampling locations 

in both children and adults across an approximate stretch of 61 km including upstream, midstream, and 

downstream sites of Lucknow city. The mean value of hazard quotients (HQs) for Cd and Pb were found to be 

more than unity highlighting the serious health hazard associated with the consumption of river water in both 

children and adults. The probable sources of HM pollution in River Gomti include direct release of sewage and 

effluents with or without treatment into the river. The results of non-carcinogenic risk assessment clearly state the 

higher susceptibility of children to health risks highlighting the urgent need of remedial measures. 

Keywords: Heavy Metals, Health Risks, River Gomti, Total Hazard Index 

1. Introduction

The sustenance of human civilization in the vicinity of river channels has been witnessed ever since the 

advent of settlements (Shukla et al., 2020; Shukla & Ganguly, 2020). Rivers have proved to be very 

effective indicators of variation in the natural state of a landscape. The conducive impact of natural and 

anthropogenic processes on the water quality of surface water sources has been a matter of concern 

across the globe (Kumar et al., 2020; Mishra et al., 2018). The rapid pace of development through 

urbanization, and industrialization for fulfilling the growing demands consequent to population growth 

is a serious concern in developing nations. The surface sources of water have visibly undergone 

quantitative and qualitative deterioration with the prominence of industrial discharges in water quality 

depletion. The release of untreated and partially treated effluents, domestic sewage has led to elevated 

levels of heavy metals (HMs) in water bodies. The noxious nature of HMs is a probable health hazard 

for all biotic components of our environment. The lack of proper sanitation facilities and wastewater 

remediation systems intensifies the hazard of HM associated health risks (Kumar et al., 2021). Thus, 

the assessment of human health risks due to the effect of toxic HMs through intake of polluted river 

water is very necessary.  

Thus, this study attempts to analyze the health risks due to HM pollution in River Gomti. The utilization 

of water from River Gomti for drinking and other domestic activities makes the human health risk 

assessment river water very vital. A probabilistic non-carcinogenic health risk assessment has been 

attempted for both children and adults. This study provides insights for establishment of a baseline data 

to provide resourceful reference database for future studies across the globe.  

2. Methodology

2.1 Study Area 

The Ganga Alluvial Plain (GAP) is located in the central division of the Indo-Ganga-Brahmaputra Plain. 

An exceptional conjunction of low slope and altitude with heavy rainfall, and high population density 

highlight Ganga Alluvial Plain as a noteworthy geographical representative of the Indian mainland (Das 
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et al., 2019). The Lucknow city is situated in the central parts of the Indo-Gangetic alluvial plain at an 

elevation of ~123 m above sea level between 26.30°–27.10°N and 80.30°–81.13° E, on the banks River 

Gomti. The city witnesses cool dry winters and hot summers and in the months of December-February 

and April-June respectively.  

River Gomti is an alluvial tributary of River Ganga, and traverses a stretch of ~980 kms starting from 

Madho-Tanda ~50km south to the Himalayan foothills. The Gomti River Basin (GRB) with a catchment 

area of 30,437 km2 shows pre-existing sediments of GAP with low surface run off and water storage 

capacity. River Gomti is the major drinking water source in Lucknow city which has been facing 

immense pressure due to the increasing population, and direct release of domestic sewage, industrial 

effluents. River Gomti, being a groundwater fed river is facing huge reduction in flow, and distorted 

aquatic population consequent to the riverfront development in Lucknow city and its incomplete 

implementation.  

2.2 Sample Collection and Analysis 

In the current study, ten samples were collected across a total stretch of ~ 61 km from River Gomti in 

the month of June 2020, successive to the COVID-19 unlocking. The sampling sites included S1 

(Chandrika Devi), S2 (IIM Road), S3 (Harding Bridge), S4 (Arti Sthal), S5 (UP RERA), S6 (Kukrail 

Drain-Gomti Confluence), S7 (Gomti Barrage), S8 (Dilkusha Bridge), S9 (Shahid Path), and S10 

(Bharwara STP discharge point-Gomti Confluence). The sampling sites have been illustrated in 

Figure1. The collection, storage, and analysis of water samples was done in strict accordance with 

APHA. The samples were collected in high-density polyethylene (HDPE) bottles, using a cylindrical 

bailer with a rope attached to it. The data quality was maintained through blank, duplicate, and 

procedural spiked samples. Approximately 2 mL of 65% nitric acid (HNO3) was added to individual 

water samples at all sites to prevent precipitation of metals and stored in an incubator at 4 °C. The levels 

of heavy metals in all the water samples after digestion were analysed through Atomic Absorption 

Spectrophotometer, Electronic corporation of India, Model 1441 and 4341 at the Bareilly College, 

Bareilly, Uttar Pradesh. 

2.3 Non-Carcinogenic Human Health Risk Assessment (HHRA) 

The non-degradable nature of HMs and the subsequent possibility of their bioaccumulation and 

biomagnification makes the assessment of their impact on human health very critical. The HMs may 

enter the human body through various pathways such as inhalation (through air), dermal contact, food 

chain (through biomagnification) and oral intake (through drinking water) (Khan et al., 2021; Shukla & 

Saxena, 2020a, 2020b), where oral and dermal pathways pose the maximum risk. Health risk assessment 

is and efficient technique to assess the probable risk of exposure of these HMs on humans. The health 

risk assessment helps in providing valuable insights to propose suitable remedial actions. The potential 

non-carcinogenic health risks through oral intake of the HMs can be done through estimation of Hazard 

Quotients (HQ) and Total Hazard Index (THI). Initially, the chronic daily dose (CDD) of the HMs 

trough drinking water was computed using equation (1) as proposed by Environmental Protection 

Agency (Shukla & Saxena, 2020a; USEPA, 1989; Wang et al., 2020).  

CDD =
Cw × DI × EF × EP

BW × AT

(1) 

where, Cw (expressed in µg/L) is the concentration of a particular HM in water, DI (expressed in L/day) 

is considered as daily average intake of water in the study region, EF (expressed in days/year) is the 

annual exposure frequency of the intake source, EP (expressed in years) is total exposure period, BW 

(expressed in Kg/person) is the average body weight, and AT (expressed in days) is the average time. 

The values of DI, EP, and BW varies greatly according to the climatic conditions and residents’ habit 

in the region under consideration. In this study the values of these parameters were taken considering 
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the previous studies (Adimalla & Rajitha, 2018; Rishi et al., 2020; Shukla & Saxena, 2020a) for the 

arid-climatic conditions which prevails in northern India. Further, the Hazard quotient (HQ) was 

computed using the following equation: 

HQ =
CDD

RfD

(2) 

where, the oral toxicity reference dose values (RfD) can be taken as, 0.3 μg/kg/day for As, 700 

μg/kg/day for Fe, 0.5 μg/kg/day for Cd, 1.4 μg /kg/day for Pb, 24 μg/kg/day for Mn, and 3 μg/kg/day 

for Cr, are in accordance with previous studies (Muhammad et al., 2011; USEPA, 2005). In general, the 

hazard quotient expresses the potential exposure towards a substance and the levels at which no adverse 

effects are expected which may affect the human health. Hence, when the value of HQ is less than unity, 

water can be assumed to be safe for the residents in the study area (Li et al., 2018). In the final step, the 

Total Hazard Index (THI) is calculated for various HMs, which helps is recognizing and quantify the 

probable non-carcinogenic health risks. It is computed through the following equation (3): 

∑ HQ = THI = HQAs + HQFe + HQCd + HQPb + HQMn + HQCr 

n

k=1

(3) 

3. Results and Discussion

3.1 Probabilistic Human Health Risk Assessment (HHRA) 

In our study the noxious state of River Gomti due to specific heavy metals at various sampling stations 

is clearly highlighted. The value of HQ>1 are considered to be unacceptable and indicate higher risk 

(Li et al., 2019).  The river water at many sampling sites is a probable health hazard to both adults and 

children considering the values of HQ>1 for various HMs. The Box and Whisker plot for HQ in adults 

(Figure 1) and children (Figure 2) respectively highlight the range of values and outliers i.e., values 

which are not in coherence with values at other sampling sites.  The highest health risk can be associated 

with Pb which showed HQ>1 at all the sampling sites. The values of HQ for Pb in adults and children 

ranged between 1.236-3.846 and 1.671-5.200 respectively. The human body after intake of Pb shows a 

rate of absorption varying between 20–70%. The disorders related with the ingestion of Pb include 

issues in nervous system, reproductive system, nephrology, and heart ailments. The dangerous impact 

of Pb on the growth of foetus in pregnant women has also been highlighted in a study by (Kumar et al., 

2020). The health risk due to these metals can be presented based on the results at various sampling 

stations as Pb>Cd>As. The values of HQ for Cd and As at 60%, and 40% of the sampling stations was 

found to be greater than unity highlighting the health risk associated with their intake. The range of HQ 

for Cd varied between 0.015-3.846 for adults and 0.021-5.200 children, respectively. The consistent 

exposure to cadmium can have detrimental impacts on human health (cardiovascular diseases, anaemia, 

and nephrological disorders etc.). The HQ values for As varied between 0-1.795 and 0-2.427 for adults 

and children respectively. The oral intake of As can have detrimental impacts on human health including 

neurological issues, reproductive system, skin allergies/infections etc. The other HMs (Fe, Mn, Cr) did 

not show any health risk and the associated value was found to be <1 at all sampling sites. 

The value of THI in both adults and children exceeded the acceptable limit (1) at all sampling sites. The 

results of THI have been presented in Figure 3. The highest to lowest risk for human health at various 

sampling sites can be presented as S5>S10>S6>S3>S7>S4>S9>S8>S2>S1. The range of THI in Adults 

and Children was found to be 1.284-9.907 and 1.736-13.39 respectively. The highest hazard index for 

adults ‘7.66’ and children ’10.356’ respectively, was found at sampling site S5 highlighting the severe 

status of pollution. The potential impact of the crematorium ‘Baikund Dham’ and various associated 

activities in the vicinity of the site is highlighted in the study.  The lowest health hazard was witnessed 

at site S1 probably due to its distant location ~30 kms upstream of Lucknow city and lesser impact of 

anthropogenic activities. The overflow of discharge (domestic sewage, wastewater form local 
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manufacturing units etc.) from Kukrail drain is a potential cause of raised THI values for both adults 

and children at site S6.  

Figure 1: Variation of Health Quotient (HQ) for Adults with reference to HMs

Variation of Health Quotient (HQ) for Children with reference to HMs:2Figure
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Figure 3: Total Hazard Index for Adults and Children at all the sampling sites

 4. Conclusions

  The health risk assessment in the current study highlights the health hazards associated with the 
consumption of water form River Gomti considering the THI values exceeding the permissible value 

of unity at all sites for both adults and children. The highest risk was found at site S5 highlighting the 
influence of anthropogenic activities in the vicinity of the site. The high levels of THI at site S10 

(Bharwara STP discharge point-Gomti Confluence) create an urgent need of analysing the working 
efficiency of STPs in Lucknow city. Water samples at site S1 showed least health hazards considering 

lesser anthropogenic intrusion at the site. The susceptibility of children to health risks at all sites was 

significantly higher in comparison to adults. Thus, this study highlights the urgent need of remediation 

activities and authoritarian intervention to reinstate the river to its natural state.
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Abstract 

The study of streamflow trends and drought trends is significant as it is related to water management. This study 

analyzes the streamflow and hydrological drought for 45 years in the Netravati river basin in India. Streamflow 

drought index (SDI) on various time scales (3-, 6-, 9- and 12- months) is used to define the hydrological 

drought. The Mann-Kendall (M-K) test and Sen’s slope estimator at a 95% confidence level are used for the 

trend analysis. The M-K test on streamflow revealed a decreasing trend in all seasons except in post-monsoon 

season. Winter and summer seasons showed a significant decreasing trend. SDI revealed a significantly 

decreasing trend at all time scales. The maximum annual and seasonal departure of streamflow was observed as 

-64.37% and -69.68%, respectively, in the basin in 2002. An autoregressive integrated moving average

(ARIMA) model is built for the basin and used to forecast the mean monthly streamflow. Drought conditions

are expected in the future based on the calculated SDI values on a 3-month time scale from the predicted

streamflow.

Keywords: Mann-Kendall test, Streamflow, Drought, Departure, SDI, ARIMA 

1. Introduction

Drought is a natural hazard that badly affects many sectors of a country( (Bacanli 2012). A large 

population in India depends on agricultural sector, and its production associated with monsoon 

rainfall availability. Monsoon( June-September), post-monsoon (October –November), winter 

(December-February), and summer (March-May) are the principal seasons in India (MoEF 2004). 

More than 80% of the rainfall is received during the monsoon season. Hence, sometimes some parts 

of the country are facing water scarcity during other seasons. According to Samra (2004), around 28% 

of India's geographical area is vulnerable to drought situations. Drought often leads to the worst 

impact on Indian water security (Mishra 2020). Drought is classified into four categories: 

meteorological, hydrological, agricultural, and socioeconomic drought (Wilhite and Glantz  2019), 

based on the type of water scarcity, such as periods with a deficiency in rainfall, streamflow or 

groundwater, soil moisture, and supply and demand power of community, respectively (Wilhite and 

Glantz  2019). This study focuses only on hydrological drought analysis. Most of the human activities 

are dependent on water resources like either groundwater or surface water. So it is necessary to assess 

the hydrological drought (Hasan et al. 2019).  

The drought is defined based on different indices over the years (Shiau 2006; Nazir et al. 

2016; Ganguli and Reddy. 2012; Swetalina and Thomas 2016). The theory of runs, standardized 

hydrological index (SHI)(Sharma and Panu 2014) and streamflow drought index are some of the 

indices used to study hydrological drought. SPI is the most popular index to measure meteorological 

drought across the world developed by McKee et al. (1993). Streamflow drought index (SDI) was 

developed by Nalbantis and Tsakiris (2009) for defining the hydrological drought, which follows the 

same methodology of the SPI. SDI has been used by many researchers in different parts of the world 

(Chemeda et al. 2010; Tigkas et al. 2012; Hong et al. 2015). Kazemzadeh and Malekian (2016) 

analyzed the trend of hydrological and meteorological droughts defined based on the Standardized 

Precipitation Index (SPI) and Streamflow Drought Index (SDI), respectively, using the non-

parametric approach in northwestern Iran. SPI-based drought study is done in the Tone river basin in 

India by Meshram et al. (2019), and the annual departure of rainfall during drought years is found to 

be varying from -26% to -60% in 1976 and 1973 respectively in the basin.  

1155

Paper ID - 141

mailto:aryasaji93@gmail.com


Understanding the pattern of streamflow would help to know problems associated with 

drought and flood.  Mann-Kendall (MK) test method is a non-parametric test that is the most widely 

accepted trend detection method (Kumar and Jain 2011). It is beneficial in finding out the exact 

variation in rainfall patterns and streamflow patterns. The results have high importance in the 

planning of different projects related to water resources. But limited studies are present in analyzing 

the trend of drought indices using the M-K test and Sen’s slope estimator (Mahajan and Dodamani. 

2015; Myronidis et al. 2018). Forecasting the future condition also has great importance in water 

management and planning. Especially for irrigation practices and reservoir operations, medium to 

long-term forecasting of streamflow and drought conditions are very useful. Many models have been 

developed to do the streamflow forecasting, including low flow recession models, rainfall-runoff 

models, time series models, artificial neural network models, etc.(Abudu et al. 2010). Time series 

models like Auto-Regressive Integrated Moving Average (ARIMA) methods are widely used for 

forecasting streamflow because of its systematic way of running the model and inclusion of more 

information (Zhou et al. 2008). 

The Netravati river basin is a dominant agricultural basin situated in the Western Ghats region 

of Karnataka, India. It plays a crucial role in serving the population in Dakshina Kannada District. 

Rapid population increase due to urbanization, the water demand is also increasing (Madhavi and 

Gowda 2014). Many industries and agricultural practices in the district mainly depend on this river. 

Hence proper and systematic water management is necessary to meet the demands of the water for 

various purposes. Studies on trend analysis of streamflow and hydrological drought are not yet 

reported in the Netravati river basin. This study aims to analyze the trend of streamflow and 

hydrological drought in the Netravati river basin, India. Only hydrological drought is considered and 

which is defined by using SDI at different time scales (SDI-3, SDI-6, SDI-9, and SDI-12). ARIMA 

model is used to forecast the streamflow to determine the drought conditions in future years. This 

study's results could give some basic idea about the streamflow trend and hydrological drought trend.   

2. Study area

2.1 Overview of the basin 

The location of the study area is presented in Fig.1. The Netravati is a west-flowing river which is 

originating in the tropical forest of Western Ghats of India in Karnataka and lies between 12°30´N 

and 13°10´N latitude and 74°50´E-75°50´E longitude. The basin is having an area of approximately 

3401.85 km
2
. The river gauging station, Bantwal, is located 25 km upstream of the river mouth. The 

average annual precipitation of the basin 3076 mm and around 80% of the annual rainfall is obtained 

during the monsoon season (June to September). The temperature ranges from 20 to 26℃. The upper 

portion is covered with dense forest, whereas the lower regions have agricultural lands and urban 

areas. The water of this river is mainly used for agricultural purposes, industrial uses, and drinking. 

Paddy is the main crop in this area.  Sandy clay loam and clay loam are the main categories of soil 

found in the basin (Kumar and Eldho 2018). 

2.2 Data used 

The monthly streamflow data in the Netravati river basin is used in this study to analyze hydrological 

drought. The observed streamflow data at the river gauging station (Bantwal) is obtained from the 

Water Resources Information System, India, database (http://www.india.wris.nrsc.gov.in). The data 

obtained is from 1971 to 2016 (around 45 years of data), and the obtained seasonal and non-seasonal 

streamflow values are shown in Fig.2.  
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Figure 1. Location of Study Area 

Figure 2. Seasonal and non-seasonal streamflow 

3. Methodology

3.1 Departure analysis of streamflow 

The departure of streamflow with respect to their long term mean can give much information for the 

analysis. Eq. (1) can be used to compute the annual and seasonal streamflow departure with respect to 

the mean values. 

(%) 100i i

i

y y
Departure

y


    (1) 

where iy  streamflow for a year or season i ; and iy  long term mean for the considered period. 
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3.2 Streamflow Drought Index 

Nalbantis and Tsakiris  (2009) developed the Streamflow drought index (SDI) based on monthly 

streamflow values ( ijQ ) to characterize the hydrological drought, where the i indicates the 

hydrological year and j  is the considered month within the hydrological year. SDI value is calculated 

based on the cumulative volume (
ikV ) of the flow, and it is calculated based on the Eq. (2).

0

k

ik ij

i

V Q


 ; i   1,2,3,… j   1,2,3,…12 k   1,2,…  (2) 

where 
ikV is the cumulative volume of the streamflow for hydrological year i , k is the month base 

period and the k values 1,2,3 and 4 indicate 3 months, 6 months, 9 months, and 12 months SDI, 

respectively. The SDI value for i
th
 hydrological year is defined as below;

kik
ik

k

V V
SDI

S


 (3) 

kV and 
kS are mean of the discharge and standard deviation of the cumulative volume for k th

period. 

Tsakiris (2008) categorized the hydrological drought into mild, moderate, severe and extreme when

the SDI values are in the interval of 1 0SDI   , 1.5 1SDI    , 2 1.5SDI    and 

2 SDI  respectively.

3.3 Trend Analysis 

The entire streamflow data is divided into four seasons: namely, monsoon, post-monsoon, winter, and 

summer. Sen’s slope estimator is used to get the magnitude of the trend in the time series data. In this 

method, slopes of all the pairs of ordinal time points are computed using the median of those slopes as 

the overall slope (Sen 1968; Gilbert 1987). Slopes of data pairs are calculated based on Eq. (4). 

j k

i

x x
T

j k





 for 1, 2,......, Ni     (4) 

where jx and 
kx are data values at times j and k ( j k ), respectively. The median of N values of 

iT is taken as Sen’s slope estimator of a slope and is given as; 

1

2

med NQ = T  if N is odd (5) 

2

2 2

1

2
med N NQ T T 

 
  

 
 if N is even. (6) 

The negative values of Q  represent the decreasing trend, and a positive value indicates the increasing 

trend of the given time series data. 

3.4 Significance of Trend 

To determine the presence of statistically significant trend, the Mann-Kendall(MK) technique is 

widely used in the researche. Both hypotheses, namely, the null hypothesis (no trend) and the 

alternative hypothesis (increasing or decreasing trend), are checked using this method. The MK test 

statistic(S) is given as 

1

1 1

sgn( )
n n

j i

i j i

S x x


  

  (7) 
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Where x  is data points at time j and i  ( i j ) and n is the number of data. The sign function is 

given as 

j i

j i j i

j i

+1 if (x -x ) > 1

sgn(x - x ) = 0   if (x -x ) = 0

-1  if (x -x ) < 1







(8) 

The S statistic is assumed to be approximately normal when the sample size is greater than 8 ( 8n  ), 

with  

(9) 

( 1)(2 5) ( 1)(2 5)
( )

18

t
n n n t t t

Var S
    




     (10) 

where t  is the extent of any given tie.  A tie is the sample of data with the same values and 
t is

the overall summation ties. Statistical significance is evaluated based on the Z  value and is calculated 

using the Eq.(11) 

1
 if S>0

( )

0        if S=0

1
 if S<1

( )

S

Var S

Z

S

Var S






 
 



(11) 

The probability p of Z statistic is estimated as given below 

2

2

0

1
0.5

2

t
Z

p e dt




   (12) 

In this study, the null hypothesis is tested at a 95% confidence level. Hence the null hypothesis 
0H

(ie., there is no trend in the tie series data) is rejected, and the alternative hypothesis AH (i.e., 

presence of a trend in the series) is accepted if the p-value is less than or equal to the chosen 

significance level ( 0.05  ). In this study, the trend of streamflow is evaluated by considering the 

hydrological year comprising 12 months starting from June. The trend analysis for streamflow was 

done for annual, monsoon, post-monsoon, winter, and summer seasons. The trend of SDI values at 

different time scales, namely SDI-3, SDI-6, SDI-9, and SDI-12, were also investigated. 

3.5 Future discharge 

ARIMA model is the generalization of the Autoregressive Moving Average (ARMA) model. An 

ARIMA (p,d,q) is given by the Eq. (13) 

( ) ( )d

p p t q tZ B a      (13) 

p , q are polynomials for p  and q  order, B  is backward shift operator, and ta  is the independent 

variable. 

( ) 0E S 

1159



Seasonal ARIMA (SARIMA) models are used to deal with the seasonality associated with the data. It 

can be represented as ARIMA   , , , ,
L

p d q P D Q , where p, d, and q are non-seasonal

autoregressive, differencing, and moving average terms, respectively.  , ,
S

P D Q  represents

corresponding seasonal components for seasonality ‘s’. SARIMA model is defined in Eq. (14). 

( ) ( )(1- ) (1- ) ( ) ( )S S D d S

tB B B B yt B B     (14) 

where    and   are autoregressive parameters of seasonal and non-seasonal components, 

respectively;   and   are moving average parameters of seasonal and non-seasonal components 

respectively; 
t is independently distributed random variable; B backward operator, 

1( ) ;(1 )S D

t tB y y B   D
th

seasonal difference of season s . 

The model initial parameters (p, q, P, Q) are determined based on an autocorrelation function 

(ACF) diagram and partial autocorrelation (PACF) diagram. Ljung-Box Q test is used to test the 

autocorrelation of forecasts. Using the auto-ARIMA model is easy to find out the best model for the 

data. The main advantage of using the auto ARIMA model is that the model directly fits the best 

model by trying different combinations of p, d and q values based on Akaike’s Information Criterion 

(AIC) criteria (Eq. 15). Kwiatkowski-Phillips-Schmidt-Shin (KPSS) test is used by auto ARIMA to 

determine the number of differences (d) in the Hyndman-Khandakar algorithm.  

 Akaike’s Information Criterion (AIC) = 2(Number of variables)-2(log-likelihood) (15) 

4. Results and Discussions

4.1 Basic statistics and Departure analysis of streamflow 

The basic statistical characteristics like mean, standard deviation, and variance of different seasonal 

and annual streamflow are presented in Table 1. The annual cycle of streamflow is shown in Fig.3. 

From 1971 to 2016, the mean annual streamflow value is 359.14 cumecs with a standard deviation 

(sd) of 135.75. Monsoon occurs from June to September, and the higher flow occurs during this 

season. The mean streamflow during monsoon is 964.87 cumecs, with a standard deviation of 381.83 

cumecs. Least flow is observed during winter and summer seasons for the considered period. The 

highest variance is observed in monsoon. In Fig.3, the river's flow increases from May onwards 

attains its peak in July and then decreases. The lowest value is observed in March.  

Table 1 Statistical Parameters of streamflow 

Statistical 

Parameters 
Monsoon Post monsoon Winter Summer Annual 

min 289.4054 44.385 0 0 128.7868 

max 2068 558.85 49.33333 270.4275 726.5173 

mean 964.8707 170.7326 13.05353 15.37449 359.1371 

sd 381.8385 92.03083 10.88222 42.20175 135.7556 

variance 145800.6 8469.674 118.4227 1780.988 18429.58 
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Figure 3. The annual cycle of streamflow 

The annual and seasonal departure of streamflow from the long term (1971-2016) mean has 

been computed using the Eq.(1) for the basin. Results are demonstrated in Fig. 4. It is observed that 

the streamflow is above normal in the beginning for some consecutive years followed by below 

normal values for the next few years, following a nearly cyclic behavior. From 1999 to 2004, a 

continuous deficiency can be observed in both the annual and seasonal streamflow. The maximum 

deficiencies are observed in the year 2002 and are 64.37% and 69.68%, respectively for annual and 

seasonal. Similarly, from 1984 to 1989 and from 2011 to 2016, continuous deficiency has occurred in 

the annual flow. According to the Indian Meteorological Department, in 1994, India witnessed the 

highest seasonal rainfall of around 110% of long-period average. In the same year (1994), highest 

excess annual and seasonal flows are observed in the basin, which is above the normal. 

Figure 4. Annual and seasonal of streamflow with respect to corresponding long term (45 years) 

mean values 

4.2 Hydrological Drought Assessment 

The SDI values calculated for the four reference period are illustrated in Fig.5 for the period from 

6/1971 to 5/2016.  The reference period considered for SDI-3 is from June to August, which covers 

the three months of monsoon (Jun-Sep). From the figure, it is observed that SDI-9 and SDI-12 are 

showing almost similar values for the considered periods. Here SDI-9 is for February, and SD-12 is 

for May. Both months have the least flow values. Severe droughts observed from SDI-3 and SDI-6 is 

occurred in 1987-1988, 2003-2004 and 2015-2016 hydrological years and only 2017-2018 is the 

hydrological year with extreme drought. Based on SDI-9 and SDI-12, only 2016-2017 is the 

hydrological year with severe drought, while in 1988-1989 and 2003-2004 hydrological years, 

extreme droughts are observed. The first three reference periods converged more with the SDI-12. 

Comparing Fig.5 with Fig. 4, the streamflow deficiency can be observed during the drought detected 

years.  So there exists a matching between the deficit in the flow and drought conditions.  
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Figure 5. SDI value for all the reference period 

4.3 Trend Analysis 

The streamflow trend for annual and four seasons has been analyzed from 1971 to 2016 using the 

Mann-Kendall test and Sen’s slope estimator tests (Table 2) at a 95% confidence interval.  Monsoon, 

winter, summer, and annual streamflow showed a negative trend, and the Sen’s slope values are -

9.4557, -1.697, -0.37, and -0.970, respectively. Post monsoon showed an increasing trend. But except 

for winter and summer, all other seasons have no statistical significance. Winter and summer are 

showing a statistically significant decreasing trend. 

The M-K test and Sen’s slope test results for SDI are shown in Table 3. Decreasing trends can 

be observed for all SDIs (SDI-3, SDI-6, SDI-9, and SDI-12). M-K test statistics revealed that these 

observed trends for SDI are significant. The decreasing trend in the SDIs is indicating the increasing 

drought conditions in the basin. 

Table 2 Results of the M-K test for streamflow 

Parameters Monsoon Post monsoon Winter Summer Annual 

Kendall’s tau (τ) -0.145 0.025 -0.543 -0.275 -0.057

S -32.00 24.00 -145.00 -74.00 -54.00

p value 0.228 0.816 <0.0001 0.021 0.592

Sen’s slope -9.4557 0.203 -1.697 -0.37 -0.970

Note: Bold figures indicate significant trend 

Table 3 Results of the M-K test for SDI 

Parameters SDI-3 SDI-6 SDI-9 SDI-12 

Kendall’s tau (τ) -0.175 -0.127 -0.099 -0.099

S -9132.00 -3253.00 -15173.00 -15094.00

p value <0.0001 <0.0001 0.001 0.00

Sen’s slope -0.004 -0.005 -0.001 -0.001
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4.4 Streamflow forecast and future drought 

Monthly streamflow data from 1971 to 2016 was used for forecasting the streamflow till 2024. The 

stationarity of monthly streamflow was checked using the augmented Dickey-Fuller test (ADF), and it 

was found that the p-value is less than 0.05; hence it is stationary. Periodic peaks and lows in the 

graph indicated seasonality in the data, and it was proved in the trend analysis using the Mann-Kendal 

test at 0.05  . In order to find out the best ARIMA model, auto.arima from the R's forecast package 

is used, and the obtained best fit as ARIMA (1, 0 ,1)(1, 1 ,0)12 with -0.0276 and -0.4770 as 

autoregressive parameters of non-seasonal and seasonal components. Using the best fit model, 

the streamflow is forecasted until December 2024. The observed, predicted and forecasted streamflow 

values together are plotted (Fig.6).  From Fig.6, it is observed that model is unable to capture the very 

high flow and very low flow values. Forecasted flow for two years (Jan 2015 to Dec 2016) was 

compared with the observed value, as shown in Fig.7. During this validation period, the R
2
 value 

obtained is 0.85. The model is found to be useful to forecast high streamflow values during monsoon.  

Figure 6. Observed, predicted and forecasted flows 

Figure 7. Observed data and forecasted flow values from January 2015 to December 2016 
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The annual cycle of streamflow obtained for the period from 2021 to 2024 is shown in Fig.8. 

During that period, more streamflow is expected in July. Except in the monsoon season, the flow 

values are reaching zero. SDI-3 for the reference period Jun-Aug is calculated from the forecasted 

flow values from 2017 to 2024 (Fig.9).  All values of SDI-3 are between 0 and -0.1; hence only mild 

drought conditions are expected in the future.  From 2020 to 2024, the SDI value is becoming more 

negative, indicating the increased trend of risk of drought in the basin. 

Figure 8. Annual cycle of streamflow for the period 2021 to 2024 

Figure 9. SDI-3 (Period: Jun-Aug) 

3. Conclusions

This study used 45 years of streamflow data for the trend analysis and the future prediction of 

streamflow and drought. Analyzing the historical data, cyclic up and down behavior was observed in 

the % departure of streamflow. SDI at different time scale successfully captured the drought 

conditions based on streamflow pattern. SDI-3 and SDI-6 showed severe drought conditions in the 

basin during the hydrological year 2003-2004.A maximum deficiency in the streamflow was observed 

around the same period for both annual and seasonal flow. The trend analysis test of streamflow by 

the M-K method showed a significant decreasing trend during winter and summer. The seasonal 

ARIMA model was the best fit for the data, and the model forecasted the discharge until 2024. SDI-3 

calculated for the forecasted streamflow estimated mild drought over the forecasted period. The above 

results indicate that SDI is a useful drought index for the hydrological drought analysis.  
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Abstract 

A data-sparse watershed is the one where measured rainfall and runoff data are very much limited. Therefore 

accurate estimation of peak flood and runoff is a challenging task in such basins. In this study an event based 

hydrologic modelling using HEC-HMS is employed to solve this problem for an experimental sub-basin of the 

study area. The proposed site for a Zoological Park Wildlife Conservation and Research Centre at Puthur, Thrissur, 

Kerala has been selected as the study area. The site is of high social relevance and hydrological studies being 

conducted here are of utmost importance for management of the available water resources. The watershed is an 

un-gauged sub-basin where rainfall and runoff data are not available. Observed data sets were collected by field 

measurements using manual rain gauge for precipitation and float method for runoff. Watershed delineation of 

the sub-basin is done using Arc hydro tool. The sub-basin is then modelled in HEC-GeoHMS and its various 

physical characteristics and stream characteristics are determined. Then it is modelled in HEC-HMS. Six different 

model set combinations have been considered for simulation to determine the best suited combination set for the 

study basin. Sensitivity analysis, calibration and validation of each model set combination are done. Model 

performance evaluation using various statistical indices indicates that the combination of the Green-Ampt method 

as a loss method, Snyder unit hydrograph as a transform method and Recession base flow separation technique 

have given best simulation results. These parameters have been extended to neighboring subbasins also and a 

hydrological model for the entire study area has been developed. Runoff simulation for the 2018 flood event is 

done to determine the maximum value of peak discharge that can occur in the area. This helps in planning an 

integrated water resources management and Rainwater Harvesting system in the study area. Results of the study 

indicate that the performance of the model is very good and also the results give an insightful hint for further use 

of the HEC-HMS model in similar data sparse watersheds. 

Keywords: HEC-HMS; Data-Sparse micro-watershed; Runoff estimation; HEC-GeoHMS 

1. Introduction

The Rainfall Runoff Process in a catchment is a very complex phenomenon governed by large number 

of known and unknown physiographic factors that varies with space and time. Predictions of runoff 

hydrographs are required for many practical purposes such as obtaining design characteristics of 

hydraulic structures, for water resource management applications such as watershed management, water 

allocation for irrigation, industry and public use, hydropower generation and environmental flow 

estimation. They are also helpful in risk assessment and management such as flood and drought 

forecasting. However, in most of the catchments of interest runoff data are not available, i.e. they are 

ungauged catchments or data-sparse catchments. Therefore in such catchments the hydrographs need to 

be predicted from other information within that catchment or from other similar catchments. This is the 

“Prediction in ungauged Basins” or PUB problem. Runoff estimation in ungauged catchment is a serious 

challenge for hydrologists mainly in developing countries where most of the catchments come under 

this category.  

Hydrological models attempt to simulate complex hydrological processes which lead to the 

transformation of precipitation into runoff, with varying degree of abstraction (Halwatura and Najim 

2013). These models have been applied to simulate rainfall-runoff process in gauged catchments 

successfully for over 40 years. But the representation of flow in data-sparse catchments remains as a 

challenging task. In this study semi distributed HEC-HMS model is used for runoff estimation from 
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data-sparse micro-watershed. A systematic approach, which includes the field measurement of rainfall 

and runoff of a particular season, is employed. 

Generally, two different approaches are applied in hydrologic modelling, Event based hydrologic 

modelling (EHB) and Continuous hydrologic modelling (CHM) (Chu and Steinman 2009). Event-based 

modelling studies the basin characteristics by using initial conditions for individual rainfall events. It 

characterises finer scale hydrological process through a small simulation time window, which may vary 

from a couple of hours to several days (Rahman and Mirchi 2017). Thus event based modelling is useful 

for better understanding the underlying hydrological process and identifying relevant parameters (De 

Silva et al. 2014). Runoff in semi-arid areas is typically limited to short periods after storms, EHM is a 

common approach for modelling such basins. 

1.1 Study Area 

The proposed site for a Zoological Park Wildlife Conservation and Research Centre at Puthur, 12 km 

away from Thrissur, Kerala is selected as the study area. It is located 10 km towards east from district 

headquarters Thrissur. Total extent of the study area is 136.85 hectares. It is a data sparse micro-

watershed. Location map of the study area is shown in Figure 1. 

Figure 1 Location map of study area 

1.2 Data Collection 

The input data required for the study are Digital Elevation Model (DEM), land use data, soil data, 

precipitation data and discharge data. Since the study area is a micro-watershed, DEM of high resolution 

is required. It is prepared from a digital contour map, which was collected from Administrative Office 

Thrissur Zoological Park, Puthur. Field investigation of the area was carried out to gain basic 

understanding of the soil type and land use type. The area is an ungauged catchment where no rain 

gauges are present.  Thus, rainfall is obtained by installing a Simons rain gauge at the site to measure 

rainfall values at 2 hr intervals. It is measured for a period of Sep 2019 to Oct 2019. Field measurement 

of run-off discharge was also done for the same period. Figure 2 shows the DEM, soil map and land 

cover map prepared using Arc GIS. 
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    (a)           (b)        (c) 

Figure 2 a) DEM, b) Soil map c) Land use 

2. Methodology

2.1 Modelling of study area 

Watershed delineation of study area is done using Arc hydro tool. The watershed is divided into ten 

sub-basins as shown in Figure 3. 

Figure 3 Delineated watershed 

The study area consists of three interconnected hillocks, where different sub-basins drain to different 

points. Each sub-basin is modelled separately in HEC-GeoHMS. The HEC-GeoHMS project setup 

menu has tools for defining the outlet for the watershed and for delineating the watershed for HEC-

HMS project. HEC-GeoHMS computes various topographic characteristics of the sub-basins and 

streams such as river slope, river length, basin slope, area, longest flow path, basin centroid and centroid 

flow path. These basin characteristics have been useful in model parameter estimation prior to 

calibration. Table 1 gives characteristics of the ten sub-basins considered. Subsequently, basin model 

and background map are created. 

1168



Table 1 Watershed characteristics of subbasins 

Subbasin Area (Sq km) Length of longest stream (km) Centroid distance (km) 

1 0.0784 0.695 0.3287 

2 0.0895 0.664 0.2949 

3 0.1734 1.056 0.5621 

4 0.0167 0.256 0.1006 

5 0.0578 0.488 0.2030 

6 0.0373 0.403 0.1830 

7 0.0228 0.329 0.1649 

8 0.1428 0.917 0.3195 

9 0.1587 0.918 0.5912 

10 0.1555 0.789 0.4732 

2.2 Modelling in HEC-HMS 

HEC-HMS model is set up with inputs from HEC-GeoHMS. HMS project is created first and then basin 

model file and background maps are copied to HMS project folder. Metric unit system is followed. 

Components such as meteorological model, time series data and control specification are added. Each 

sub-basin is modelled separately in HEC-HMS. 

2.3 Different model set combinations for simulation in HEC-HMS 

HEC-HMS software normally executes the simulation of flow by considering different representation 

in loss methods, transformation and baseflow separation techniques (Zelelew and Langon 2019). In this 

study the possible methods for event-based modelling is selected for simulation. From the available 

methods, different combination sets are formed as follows: 

(i) SCS CN method, Snyder Unit Hydrograph and Baseflow recession

(ii) SCS CN method, Clark Unit Hydrograph and Baseflow recession

(iii) Initial & Constant loss method, Snyder Unit Hydrograph and Baseflow recession

(iv) Initial & Constant loss method, Clark Unit Hydrograph and Baseflow recession

(v) Green-Ampt method, Snyder Unit Hydrograph and Baseflow recession

(vi) Green-Ampt method, Clark Unit Hydrograph and Baseflow recession

For each of the above combination set, sensitivity analysis, calibration and validation are done. 

2.4 Event model sensitivity analysis 

The sensitivity analysis is a method to determine which parameter of the model has the greatest impact 

on the model results. In this study local sensitivity analysis is adopted. The calculated parameters are 

entered and automatic calibration is performed for the selected sub-basin. The set of parameters 

generated is taken as baseline or nominal parameter set. Then HEC-HMS model is run repeatedly by 

changing the starting baseline parameter values by ±5%, ±10%, and ±15%. Each parameter is changed 

at a time by keeping the other parameter values constant at their nominal starting values. The 

hydrographs generated from the scenario of change in model parameters are compared with the initial 

baseline hydrograph. Performance of the sensitive parameters is then judged based on their effect on 

peak discharge and runoff volume. Dimensionless fitness factors employed are Percentage error in peak 

(PEP) and Percentage error in volume (PEV). Sensitivity analysis of parameters of all model set 

combinations are done in the same manner and sensitive parameter of each set is determined. 

2.5 Event calibration and validation 

Event based calibration technique (EBCT) helps to improve the calibration time and simulation 

accuracy by reducing hydrologic complexity (Rahman and Mirchi 2017). EBCT facilitates systematic 

calibration of HEC-HMS model when applied to data scarce region as in the present case. Rainfall event 
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of 06 September 2019 is used for the calibration for the selected sub-basin. Combination of both 

automated and manual calibration methods is applied. Same procedure of calibration is followed for all 

the model set combinations.  Each parameter is modified and the result of simulated and observed flows 

are plotted and compared.  

Rainfall event of 20 October 2019 is taken for validation of the model. Same procedure of validation is 

adopted for all the model set combinations. For the selected model set combination, all the parameters 

were kept constant except the initial base flow value. Model performance is evaluated using statistical 

indices, which are detailed in the section 2.6, and also through graphical comparisons.   

2.6 Model performance evaluation 

In addition to graphical technique statistical indices such as Percentage error in simulated peak (PEP), 

Percentage error in simulated volume (PEV), Nash-Sutcliffe model efficiency (NSE), Percent bias 

(PBIAS), Coefficient of determination (R2) and Root mean square error (RMSE) are used to analyze 

the goodness of fit (Rahman and Mirchi 2017; Rajendran et al. 2019). 

• Percentage error in simulated peak (PEP)

𝑃𝐸𝑃 =
(𝑄𝑃𝑂−𝑄𝑃𝑆)

𝑄𝑃𝑂
× 100       (1) 

Where QPO = Observed peak flow, QPS = Simulated peak flow

• Percentage error in simulated volume (PEV)

     (2)

VolO = Observed volume, VolS = Simulated volume

• Nash-Sutcliffe model efficiency (NSE)

(3)  

Oi = Observed value, 𝑂 ̅= mean of observed values, Si= simulated value

• Percent bias (PBIAS)

𝑃𝐵𝐼𝐴𝑆 =
∑ 𝑂𝑖

𝑛
𝑖=1 −∑ 𝑆𝑖

𝑛
𝑖=1

∑ 𝑂𝑖
𝑛
𝑖=1

 (4)  

• Root Mean Square Error (RMSE)

𝑅𝑀𝑆𝐸 = √
∑ (𝑅𝑜𝑖−𝑅𝑠𝑖)2𝑛

𝑖=1

𝑛
 (5) 

  Roi=observed runoff depth, Rsi= Simulated runoff depth, n= no of observations 

• Coefficient of determination (R2)

 

(6) 

Oi= Observed value, 𝑂 ̅= mean of observed values, Si= simulated value, 𝑆̅ = mean of simulated

value

𝑁𝑆𝐸 = 1 −
∑ (𝑂𝑖−𝑆𝑖)2𝑛

𝑖=1

∑ (𝑂𝑖−𝑂)̅̅̅̅ 2𝑛
𝑖=1

𝑃𝐸𝑉 =
(𝑉𝑜𝑙𝑂−𝑉𝑜𝑙𝑆)

𝑉𝑜𝑙𝑂
× 100

(

R
2
=

∑ (𝑂𝑖−�̅�)∗(𝑆𝑖−�̅�)𝑛
𝑖=1

√∑ (𝑂𝑖−�̅�)2∗∑ (𝑆𝑖−�̅�)2𝑛
𝑖=1

𝑛
𝑖=1
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3. Results and Discussions

3.1 Sensitivity Analysis 

Sensitivity analysis of the various model set combinations, which are described in section 2.4, is done. 

The effect of percentage change in parameter is plotted with respect to percentage error in peak (PEP) 

and percentage error in volume (PEV). In the first combination set, the loss parameter CN shows largest 

variation over change in parameter value. Variation of CN has greatest influence on peak of hydrograph. 

In the second model set combination also, the CN, which causes largest deviation in peak and overall 

volume, is the most sensitive parameter. In the third combination set, out of all the parameters 

considered, the constant loss rate parameter is the most sensitive one. Recession constant parameter of 

base flow is also sensitive to model output. In the fourth model set combination also, it is found that the 

constant loss rate parameter is very sensitive to peak flow and volume. In the fifth combination set of 

Green-Ampt method, Snyder UH and Recession base flow, the variation of loss parameter 

(conductivity) causes largest deviation in peak and overall volume. Sensitivity analysis of parameters 

of sixth combination set indicates that out of the eight parameters considered the conductivity parameter 

of loss method is the most sensitive one. 

3.2 Calibration and Validation 

Rainfall event of 06 September 2019 is chosen for calibration of the event hydrologic model. The 

parameters calibrated are validated using rainfall event of 20 October 2019. Calibration and validation 

are performed separately for the different model set combinations. Values of calibrated parameters of 

the various combination sets are shown in Table 2. It is found that both the calibration and the validation 

give satisfactory results. Calibration and validation of combination set 5 is shown in Fig 4. As indicated 

in the next section, this set has shown the best performance. 

 (a)   (b)  

Figure 4 Calibration and validation of model set combination 5 

(a) calibration (b) validation

Table 2 Calibrated parameter values of all model set combinations 

Sl.no Model set combinations Parameters Value 

1 
CN, Snyder UH and Recession 

baseflow 

CN 85 
Std lag (hr) 0.4 

Peaking coefficient 0.175 
Recession constant 0.95 

Ratio 0.22 

2 
CN, Clark UH and Recession 

baseflow 

CN 

Std lag (hr)

Peaking coeff

Recession const

Ratio

84 
TC (hr) 

Peaking coeff

Ratio

0.48 

Storage coefficient 1.94 

1171



Recession constant 0.95 

Ratio 0.22 

3 

Initial & Constant loss, Snyder UH 

and Recession baseflow 

Initial loss (mm) 1.8 

Constant rate (mm/hr) 5.64 

Std lag (hr) 0.43 
Peaking coefficient 0.17 

Recession constant 0.95 
Ratio 0.22 

4 

Initial & Constant loss, Clark UH and 

Recession baseflow 

Initial loss (mm) 1.6 
Constant rate (mm/hr) 5.95 

TC (hr) 

Peaking coeff

Recession const

Ratio

0.48 

Storage coefficient 1.98 
Recession constant 0.95 

Ratio 0.22 

5 Green-Ampt method, Snyder UH and 

Recession baseflow 

Initial content 0.15 

Saturated content 0.26 

Suction 101 
Conductivity (mm/hr) 3.26 

Std lag (hr) 0.38 
Peaking coefficient 0.18 

Recession constant 0.95 
Ratio 0.22 

6 Green-Ampt method, Clark UH and 

Recession baseflow 

Initial content 

Saturated content

Suction

Conductivity (mm/hr)

Recession const

Ratio

0.12 

Saturated content 0.23 
Suction 95 

Conductivity (mm/hr) 3.51 
TC (hr) 

Peaking coeff

Recession const

Ratio

0.46 

Storage coefficient 1.90 

Recession constant 0.95 
Ratio 0.22 

3.3 Comparison of performance of different model set combinations 

The six statistical indices, as described in section 2.6, are used for model performance evaluation. Tables 

3 and 4 shows respectively the values of these indices for calibration and validation. Comparative study 

of theses indices for all the combination sets helps in determining the most suitable combination set of 

the HEC-HMS model for the study area. 

Table 3 Statistical indices values of calibration 

Sl 

no: 
Model set combinations CALIBRATION 

NSE PBIAS R2 RMSE PEP PEV 

1 SCS CN and Snyder UH 0.76 6.127% 0.9283 0.0034 -0.183% 6.165% 

2 SCS CN and Clark UH 0.676 7.504% 0.9085 0.004 -0.734% 7.553% 

3 Initial & Constant and Snyder UH 0.87 4.63% 0.9626 0.0025 -0.367% 4.668% 

4 Initial & Constant and Clark UH 0.8 6.32% 0.9517 0.0031 0% 6.375% 

5 Green-Ampt and Snyder UH 0.799 5.68% 0.938 0.0032 0% 5.715% 

6 Green-Ampt and Clark UH 0.756 6.43% 0.9306 0.0034 -0.183% 6.485% 

Table 4 Statistical indices values of validation 

Sl 

no: 
Model set combinations VALIDATION 

NSE PBIAS R2 RMSE PEP PEV 

1 SCS CN and Snyder UH 0.689 5.28% 0.858 0.0032 1.754% 5.327% 
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2 SCS CN and Clark UH 0.644 7.32% 0.8501 0.0034 3.258% 7.361% 

3 Initial & Constant and Snyder UH 0.667 -2.91% 0.9301 0.0033 -14.536% -2.933%

4 Initial & Constant and Clark UH 0.745 -0.25% 0.9481 0.0029 -15.539% -0.250%

5 Green-Ampt and Snyder UH 0.725 3.01% 0.8627 0.0031 -2.506% 3.047% 

6 Green-Ampt and Clark UH 0.693 3.30% 0.8717 0.0031 -5.263% 3.336% 

From the statistical analysis, of both calibration and validation, of all selected combination sets it is 

found that all of these sets give satisfactory results. However, the fifth combination set of Green-Ampt 

method as the loss method, Snyder unit hydrograph as the transform method and Recession base flow 

separation technique have given the better simulation results. It performs well during calibration and 

validation by simulating the peak discharge and runoff volume in a better way. This combination set 

has the minimum NSE value of 0.725 and R2 value of 0.8627 in validation. Therefore this combination 

set of HEC-HMS model has been selected for further modelling studies of the selected area. 

3.4 Peak Discharge generated for all subbasins for 2018 flood event 

There is an existing proposal for implementing a rain water harvesting project in the study area.  

Planning and implementation of the same requires an idea of the peak flow that can be expected to occur 

during its design life.  In order to estimate the same, the flood event of 2018 has been considered. South-

west monsoon of 2018 resulted in a disastrous flood due to unusually heavy rainfall. It is considered as 

the worst flood of the century. Thus, the peak values during this period can be considered as the extreme 

values that can be expected to occur during the life span of the project. For modelling, the rainfall event 

of July-August 2018 is considered. Rainfall data of Vellanikara station provided by IMD for the above 

period is used (Figure 5). The simulated peak discharge and the run-off volume generated are given in 

Table 5. 

Figure 5 Daily Rainfall during flood event of 2018 

Table 5 Peak Discharge and volume generated for all subbasins for 2018 flood event 
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Subbasins Peak Discharge (m3/s) Volume(1000m3) 

1 0.2053 200.7913 

2 0.2342 223.4712 
3 0.4449 361.2910 

4 0.0450 75.8052 
5 0.1502 151.8249 

6 0.0978 113.5070 
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4. Conclusions

Runoff estimation in data sparse micro watershed is always a challenging task. In this study an event 

based hydrologic modelling using HEC-HMS is employed for the simulation of the study area (site for 

Zoological Park Wildlife Conservation and Research Centre at Puthur, Thrissur, Kerala), which is a 

data-sparse micro-watershed. Different model set combinations of HEC-HMS model is considered by 

selecting appropriate loss method, transform method and base flow method. For the selected sub-basin, 

sensitivity analysis of different model set combinations shows that SCS Curve Number (CN), constant 

loss rate and conductivity are the most sensitive parameters.  

Calibration of the different model set combinations is done to obtain different parameter values. 

Validation of the calibrated parameters shows that all the selected combinations give satisfactory results 

in simulation. Model performance evaluation was done using graphical and statistical approach. From 

the analysis it is concluded that, for the selected study area, the combination of Green-Ampt method as 

a loss method, Snyder unit hydrograph as a transform method and Recession base-flow separation 

technique have given the best simulation results. Runoff simulation for the flood event 2018 is done to 

find out the peak discharge and volume generated from the area. This data is useful in designing a rain 

water harvesting scheme for the area. Results of the study give insightful hint for further use of HEC-

HMS model in similar data-sparse areas. 
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Abstract 

The small conveyance of the river can lead to floods in the nearby area if the discharge observed is more than its 

carrying capacity. The frequent flood was observed in the lower Tapi basin. The 1-D hydrodynamic model was 

developed to predict the discharge carrying capacity of the lower Tapi river with the help of Arc-GIS and HEC-

RAS. The model was calibrated for the 1998 flood year and validated for the 2006 flood year. Flow discharge was 

taken as an upstream boundary condition at the Ukai dam, and water levels were taken as a downstream boundary 

condition at Nehru Bridge. The calibrated values for Manning’s n at both the Mandavi and Ghala stations were 

found to be 0.035. It was validated for the 2006 flood. The RMSEs and were found to be 1.7671 m and 0.9159 at 

Mandavi, 1.4219 m, and 0.9313 at Ghala, respectively. Simulated discharge carrying capacity was found close to 

the observed discharge carrying capacity. The discharge observed at Nehru Bridge was more than the maximum 

discharge capacity (3756.089 𝑚3/𝑠) at that particular cross-section during the 2006 flood year. The flood

inundation took place near Nehru Bridge in 2006, and the maximum water level observed at Nehru Bridge was 

12.48 m, which is nearly equal to the simulated water level 12.42 m. It was also observed that generally, the 

conveyance of the river decreases along the river in the downstream of the Ukai dam. This study could help in 

flood mitigation and water resources management purposes. 

Keywords: Hydrodynamic Model, Simulation, Conveyance, Calibration, HEC-RAS. 

1. Introduction

The maximum discharge a river can carry without overflow from their side bank is the river's discharge 

carrying capacity. It depends on the section factor and slope of the channel bed. Discharge and water 

levels in the channel can be predicted by a one-dimensional unsteady hydrodynamic (HD) model that 

can be used for flow simulation in the river (Kamel, 2008). Velocity and discharge in the river depend 

on the Manning’s roughness value. The roughness of the channel was taken as a sensitive parameter for 

the development of the model in HEC-RAS (Timbadiya et al.). The water level can be determined by 

calibration and validation of the HD model for both steady as well as unsteady flow conditions (Nandlal, 

2009). Designed flood flow and flood stage can be determined for various return periods with the help 

of the HD model (Rahman, 2011). Structures like bridge and barrages are made across the river that 

may affect the flow and stages downstream of the structures. The model can be made taking that 

structures into consideration, and water levels can be predicted for various designed flows (Vijay et al., 

2006). The flow was analyzed in the lower Tapi river using a 1-D integrated HD model using geometric 

data and past flow data of the Tapi river (Mehta et al., 2017). Flood occurrence in the Tapi river is 

frequently occurred, especially in the lower Tapi basin due to less carrying capacity of the river. To 

minimize that flood inundation area, it is necessary to know about how much water or discharge that 

can carry and how much amount of water should be released from the upstream of the dams. Due to a 

large amount of discharge released from the Ukai dam, the flood happened in the lower Tapi basin. If 

the carrying capacity of water is known, then flood can be minimized by releasing the water according 

to their carrying capacity flood. The study also needed to check the critical section of the river so that 

some remedies to be done to increase the carrying capacity of the river. The objective of the study is to 

develop a 1-D Hydrodynamic model in HEC-RAS for channel conveyance capacity for the Lower Tapi 
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region and to study the variation between observed and simulated discharge carrying capacity of Lower 

Tapi river. 

2. Study area

Tapi originates near Mutal in Betul district and flows through Maharashtra and Gujarat boundary and 

meets at Arabian Sea in the Gulf of Cambay. The over-all length of the river from its origin to Arabian 

Sea is 724 km, covering the catchment area of 65145 sq.km. The largest area which covers is from the 

Maharashtra that is 80% and other lies in M.P. and Gujarat. The Tapi basin situated from 200 to 220N 

latitude approximately. The range of Saputara from the northern boundary and Satmala and Ajanta hills 

from the southern extremity. The river is bounded by the three sides of hills ranges along with its 

tributary flows over the Vidarbha, Khandesh and Gujarat. The River is flowing from 3 states of India 

that is Gujarat, Madhya Pradesh, and Maharashtra. The latitude and longitude of river are as follows 

210040000𝑁 and 780210000𝐸 .  The Tapi basin is differentiated in to 3 sub basins, upper middle and

lower tapi basin. The river gets tidal effect of 25 kms up to ONGC bridge in Surat. Index map of lower 

tapi basin is shown in figure 1. 

Figure 1 Index map of study area 

2.1 Data Collection 

The study area for the Tapi basin from upper Tapi to lower Tapi, which covers up to 724 km in length 

of data required for the study, is obtained from the relevant offices or agencies responsible for the 

measurement collection of data. The agencies are as follows: SMC (Surat Municipal Corporation), 

CWC (Central Water Commission), SIC (Surat Irrigation Circle). The silent feature of data collected 

from the offices is mentioned in the coming paragraphs. The data of cross-section is available in AUTO-

CAD format and excel format by extracting it. The AUTO-CAD itself obtains the area of full capacity.  

The daily data of discharge, hydraulic mean depth, slope, and Mannings’s roughness was collected from 

CWC, Gandhinagar. The hourly discharge at Ukai and Hourly water level at Nehru Bridge, Mandavi, 
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and Ghala from 1998 to 2006 were collected from the Nodal Officer, flood control cell, SIC. The hourly 

data at Mandavi for monsoon is provided by the superintendent engineer of Tapi basin, (State Water 

Data Centre) SWDC for the year 1996 to 2013 in excel format. Lower Tapi Cross-sectional data is 

collected for 2007 from SIC in the form of Auto-CAD format. For different stations Ukai, Kakrapar, 

Mandvi, Ghala, Causeway, and Nehru Bridge. The data of Manning’s roughness coefficient is collected 

from the Central Water and Power Research (CWPRS) Report for the above-mentioned station. 

3. Model Development

3.1 Hydrodynamic Modelling 

The hydrodynamic routing model solves the Saint-Venant equation with the help of implicit finite-

difference approximation. Flow rate and water level at the desired location in the river system can be 

calculated using distributed routing. The non-conservation form of continuity and momentum equation 

is used. HEC-RAS can be used for developing such type of model for unsteady non-uniform flow using 

preissmann four-point scheme (Chow, 1988). 

3.2 Conveyance theory in HEC-RAS 

The determination of discharge carrying capacity for a cross-section requires that the flow is divided 

into many cross-sections for which the velocity is uniformly distributed. The HEC-RAS approached is 

split into flow overbank using the input cross-section manning n value breakpoint as the basis of sub-

division from: 

The conveyance can be calculated, 

𝐾(ℎ) =  
𝐴𝑅

2
3

𝑛
  (1) 

The software adds the conveyance, which is coming from the bank of the left and right channel but 

considers as one from the main channel. The total conveyance is obtained from adding the 3 

contributions. Figure 2 shows an illustration of the approach. 

Figure 2 Sketch of conveyance calculation in HEC-RAS. 

The flow in the main channel is only divided into subdivision if the roughness coefficient changes 

than software done the test itself for separating the main channel that if the main channel slope of side 

bank steeper than the 0.2% an only combination n value is calculated as: 

𝑛 = [
∑ (𝑝𝑖𝑛𝑖)𝑁

𝑖=1

𝑃
]

2
3⁄

(2)

1178



Figure 3 Methodology flow chart 

1-D Hydrodynamic Model

Download DEM 

Digitizing the river in Arc-Gis 

Export result to HEC-RAS 

Adding Boundary Condition 

Calibration and Validation of Model 

Calculation of Carrying Capacity 

Stage Hydrograph 

For D/S 

Flow Hydrograph 

For U/S 
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It is used to compute the discharge carrying capacity at each cross-section surveyed. It is computer 

program that is used for the open channel and for the knowing the water surface elevation profile. It 

find so many applications in the floodplain management and flood insurance studied to evaluate the 

floodway encroachment. The discharge can be calculated using Manning’s equation. 

Q = KS1/2  (3) 

Where, K = conveyance of the channel, S = bed slop of the channel 

3.3 Methodology 

The flow chart of the methodology is shown in figure 3. First of all, Arc-GIS was used to create a 

shapefile. Extraction of the study area with DEM is done, which is later used as HEC-RAS input in 

geometric data for making the hydrodynamic model predict the water level. The slope of the bed was 

measured by dividing the difference between the elevation of two stations and thalweg distance between 

those stations. 

slope =
Distance between the elevations of two stations

Talweg distance between that stations
 (4) 

3.3.1 Boundary Conditions 

The flow hydrograph was taken as an upstream boundary condition at the Ukai dam, and the stage 

hydrograph was taken as a downstream boundary condition at Nehru Bridge. The daily data of flow 

and stage was used for upstream and downstream conditions. 

3.3.2 Root Mean Square Error (RMSE) 

The RMSE is the most frequently used error-index statistic used by most of the modelers to evaluate 

their model. The expected value should come close to zero. 

RMSE =  √∑
(𝑂𝑖−𝑃𝑖)2

𝑁
𝑁
𝑖=1        (5) 

Where, 𝑂𝑖= represent the observed value,  𝑃𝑖 = represent the simulated value and 𝑁 = Total

observations. 

3.3.3 Coefficient of Determination (R2) 

It indicates the degree of collinearity between observed and simulated values. The range of R2 is zero 

to unity, and value close to one shows good results, and value close to zero shows the bad result. 

3.3.4 Calibration and Validation of Model 

The model's calibration was done by adjusting the roughness parameter and comparing the observed 

and predicted water levels with 1998 flood data at two gauging stations. The calibrated model was 

validated with 2006 flood data. The model performance was found satisfactory. Flow discharge was 

taken as an upstream boundary condition at the Ukai dam, and water levels were taken as a downstream 

boundary condition at Nehru Bridge. The model is used to calculate the discharge carrying capacity of 

the lower Tapi River at different stations. 
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4. Result Discussion

The model was calibrated with the Manning’s roughness 0.02, 0.025, 0.03, 0.035, 0.04 with flow 

hydrograph as an upstream boundary condition at Ukai dam and stage hydrograph as a downstream 

boundary condition at Nehru Bridge.  The RMSEs were calculated using equation (5) with the help of 

observed and simulated water levels. RMSEs found out for different Manning’s n values are shown in 

table 1. The least RMSEs were observed at Mandavi and Ghala is 1.35 m and 1.73 m, respectively. The 

calibrated values for Manning’s n at both the stations Mandavi and Ghala is 0.035. It was validated for 

the 2006 flood. 

Table 1 Root mean square error (m) in the calibration and validation of model 

Manning’s n Mandavi Ghala 

Calibration (1998) 0.020 3.82 2.58 

0.025 3.45 2.45 

0.030 3.15 2.45 

0.035 1.35 1.73 

0.040 2.68 2.69 

Validation (2006) 1.76 1.42 

The calibrated Manning’s Roughness coefficient for lower Tapi was found to be 0.035 with the help of 

HEC-RAS 1-D hydrodynamic modeling for 1998 flood with RMSEs 1.35 m at Mandavi and 1.73 m for 

Ghala and validation of 2006 flood, the RMSEs observed at Mandavi and Ghala was 1.76 m and 1.42 

m respectively. R2 observed at Mandavi and Ghala was 0.91 and 0.93, respectively. The observed and 

predicted water levels and R2 at Ghala are shown in figure 4 and figure 5, respectively. Figure 6 shows 

that the level at Singhanpur weir during the flood 2006, which is less than the carrying capacity at that 

cross-section, was safe during the 2006 flood. Whereas, the level at the Nehru Bridge was more than 

the maximum level shown in figure 7, so discharge occurred at Nehru bridge was more than the 

discharge carrying capacity (3756.09 m3/s), which is nearly equal to the simulated carrying capacity at 

that station shown in table 2. Hence the flood inundation occurred near Nehru Bridge in 2006. The 

maximum level observed at Nehru bridge was 12.48 m, which is nearly equal to the simulated water 

level of 12.42 m. 

Observed and Predicted water level at GhalaFigure 4
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Figure 5 Collinearity degree between observed and predicted Water Level at Ghala 

Figure 6 Level of Singhanpur weir (Surat) in flood 2006 

Table 2 Observed and Simulated discharge carrying capacity in (m3/s) at different station of lower 

Tapi River 

Stations Observed Simulated 

Ukai 67611.00 70351.84 

Kakrapar 36185.09 39969.50 

Mandvi 47496.44 48400.00 

Ghala 30118.87 33420.33 

Causeway 27371.58 25004.10 

Nehru Bridge 3756.08 3920.86 
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Figure 7 Level of Nehru Bridge (Surat) in flood 2006 

The discharge carrying capacity was calculated manually with the help of equation (3). The maximum 

area and perimeter were extracted from AutoCAD, Manning’s values used from (CWPRS) report, and 

the slope was measured using equation (4). Figure 8 and Table 2 show that the capacity calculated by 

manual and by the software is almost equal, and both methods showing that the capacity is decreasing 

from Kakrapar to Nehru Bridge. In 2006 flood water release from the Ukai is around 25000 cumec, 

which is more than the capacity near Surat city. The discharge carrying capacity of the river is 

decreasing from Kakrapar to Nehru Bridge due to river encroachment and sediment deposition in the 

city. 

Figure 8 Comparison of manual calculation and HEC-RAS for carrying capacity 
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5. Conclusions

The 1-D hydrodynamic model was developed for the lower Tapi river to study its carrying capacity at 

different stations, namely Ukai, Kakrapar, Mandavi, Ghala, Singhanpur weir Nehru Bridge. The 

calibrated manning’s roughness was found 0.035 for Mandavi and Ghala stations. The water level 

observed at Singhanpur weir was less than the river's carrying capacity, and at Nehru Bridge, it was 

found to be more during the 2006 flood. The 2006 flood took place because of water release from the 

Ukai dam was approximately 25000 cumecs, and the carrying capacity at Surat city was less than the 

discharge released. So due to mismanagement and less carrying capacity at the city, inundation took 

place, and a huge loss of economy and life occurred. It was found that the conveyance is decreasing in 

the lower Tapi river from Kakrapar to Nehru Bridge because of river encroachment and aggradation of 

sediment. 
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Abstract 

In the present study, the interaction of oblique monochromatic incident waves with a combination of submerged 

horizontal porous plate along with a bottom standing vertical barrier is investigated in the context of two-dimensional 

linear potential theory. The horizontal porous plate enhances the stability and wave absorbing capacity of the 

structure. An analytical solution based on linear potential theory is developed for the interaction of water waves with 

the composite breakwater system. The numerical study of the composite breakwater system is performed using the 

matched eigenfunction expansion method. The reflection, transmission and energy loss coefficients of the breakwater 

acting on the horizontal porous plate and vertical barrier is calculated. The effect of structural porosity, width of the 

structure, plate submergence depth, and wave parameter are examined in detail.  

Keywords:  Composite breakwater; Horizontal porous plate; Vertical barrier; Matched eigenfunction expansion 

method; Transmission coefficient. 

1. Introduction

Coastal zones occupy less than 15% of the Earth's land area, while they host more than 45% of the world 

population. Nearly 1.4 billion people live within 100 km of a shoreline and 100 m of sea level, with an average 

density 3 times higher than the global average for population. With three-quarters of the world population expected 

to reside in the coastal zone by 2025, human activities originating from this small land area will impose heavy 

pressure on coasts. So protection against rising sea levels in the 21st century is crucial. Changes in sea level, 

damage beaches and coastal systems and are expected to rise at an increasing rate, causing coastal sediments 

to be disturbed by tidal energy. Coastal protection provides defence against flooding and erosion, caused by 

waves and tides, winds, currents and littoral drift. Sea level rising, global climate change and melting of the ice 

caps will increase the need for coastal defence. The main and prime reason to construct coastal protection 

structures is to protect harbour and other infrastructures from sea wave effects and to bring a tranquillity 

condition in ports, harbours and marinas for the safety of navigation and berthing within the perimeter of the 

basin. Breakwater are one of the coastal protection structures constructed to enclose the harbours and to protect 

them from the effect of wind generated waves by reflecting and dissipating their force or energy. 

A pile supported submerged horizontal plate has been proposed as a coastal protection structure since 1970. Yu 

and Chwang investigated the wave interaction of a submerged horizontal porous plate using boundary element 

method (BEM). Most researchers applied Darcy’s law as the boundary condition for fluids across porous plates. 

Darcy’s law suggested that there is a linear relation between normal seepage velocity and corresponding pressure 

difference. .  Chwang and Wu (1994) investigated the wave scattering by a submerged horizontal porous circular 

plate by means of matched Eigen function expansion method. In their solution, the wave numbers (eigen values of 

depth dependent eigenfunctions) above and below the horizontal porous plates were the same. The wave numbers 

were found a series of complex roots of a complex wave dispersion relation, which was developed by all the 

boundary conditions on the free surface, seabed and porous plate surface. To deal with the wave-structure 

interaction, Losada et al. (1992) analyzed oblique wave propagation past rigid vertical thin barriers. Mainly three 

types of barriers such as barrier descending from water surface to a distance, a barrier having submerged 

horizontal slit, and an underwater barrier are considered. As the relative length of the barrier increases, the 

transmission coefficient for all the cases is observed to be decreasing. Wang and Ren (1993) presented a 

theoretical study on the scattering of small amplitude waves by a flexible, porous and thin beam-like breakwater 

held fixed in the seabed. Using a least-squares method, Lee and Chwang (2000) studied the scattering and 

generation of water waves by vertical permeable barriers. Wu et al. (1998) investigated the wave reflection by a 

vertical wall with horizontal submerged porous plate by applying linear wave theory and eigenfunction 

expansion method. They found out that the behaviour of a larger plate with proper porosity is similar to that of a 

wave absorber and it can significantly suppress not only the wave height above the 
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plate but also the reflection coefficient. Lo (2000) investigated the interaction of water waves with a vertical 
flexible membrane of a finite extent which is less than the water depth. The cases considered include that of a 
membrane descending from the water surface or ascending from the seabed, and that of an immersed membrane 
with gaps at both the top and the bottom. Lee and Lo (2002) studied the performance of surface-penetrating 
flexible membrane wave barriers of finite draft. They considered both single and dual membrane systems in their 
study. Liu et al. (2007) studied the perforated-wall breakwater with a submerged horizontal porous plate and found 
that when the geometric porosity of the perforated front wall and the horizontal porous plate is approximately 
40% and 20%, respectively, the perforated breakwater exhibits better performance. In addition, the vertical force 
and moment on the horizontal plate decrease significantly with increasing plate porosity. Cho and Kim (2008) 
studied and discussed the performance of inclined perforated porous plates. Results shows that a proper 
inclination angle of the plate positioned near to the free surface could improve its wave absorbing efficiency. 
Liu et al. (2008) examined the hydrodynamic performance of a breakwater with two layers of submerged 
horizontal porous plates, in which upper plate was permeable while the lower plate was solid. The numerical 
results also indicated that the transmission coefficient of the present structure and the wave force acting on the 
lower plate can be further reduced if the lower plate is also perforated. Cho and Kim (2013) studied the 
interaction of oblique monochromatic incident waves with a submerged horizontal porous plate based on 2D linear 
potential theory. From the study, it was found that optimal porosity is p=0.1 and optimal submergence depth 
d/h = 0.05-0.1. If the porosity increases beyond p=0.1, its performance becomes less effective but the wave force 
can be decreased. They suggested that the performance gets better as plate width increases especially in long-
wave regime. Liu and Li (2013) studied and proposed a composite breakwater with an upper horizontal 
porous plate and a lower rubble mound. Numerical examples indicated that adding a rubble mound below a 
horizontal porous plate can reduce the wave force acting on the plate and then enhance the stability of the plate. 
Cho et al. (2013) examined wave scattering by dual submerged horizontal porous plates. It is found that the 
performance of the proposed dual submerged horizontal porous plates can be significantly enhanced by selecting 
optimal design parameters for the given wave condition. The upper porous plate plays a major role in wave 
blocking performance but the presence of lower plate may be important when tidal variation is large. Koley and 
Sahoo (2017) examined a vertical flexible permeable submerged membrane such as surface piercing, bottom 
standing and fully extended membranes for different values of structural and wave climate parameters. Boundary 
element and eigenfunction expansion methods are adopted to solve the boundary value problem. It is observed 

that 40-50% of the wave energy is dissipated due the presence of flexible membranes. 

 Karmakar and Soares (2018) investigated the interaction of surface gravity waves with submerged pitching plate. 

The three dimensional problem was formulated for the submerged plate pitching about its middle point and the 

other plate is considered to be floating above the submerged plate. Result shows that the free-surface wave 

elevation in the transmitted region was lower as compared to the incident wave region because of the pitching of 

submerged plate, most of the energy got absorbed. Fang et al. (2016) studied the wave interaction with multi-layer 

horizontal porous plate breakwaters based on linear potential theory. Result shows that a breakwater with three or 

more layers of horizontal plate have better wave blocking performance, especially under long incident waves. 

Behera et al. (2018) analysed the interaction between oblique waves and multiple bottom standing flexible porous 

barriers near a rigid wall. The study reveals that the presence of multiple flexible porous barriers may effectively 

reduce the wave reflection and wave force exerted on the rigid wall. Fang et al. (2018) proposed a four-layer 

submerged horizontal porous plate breakwater to improve the wave-dissipation efficiency under a wide range of 

incident wave frequencies, especially long incident waves. Generally, the four-layer breakwater proposed by them 

shows satisfactory performance under a wide range of incident wavelengths but it has a promising future in coastal 

engineering applications. 

The present paper is concerned with the feasibility and efficiency of a composite breakwater consisting of 

submerged horizontal porous plate and bottom standing barrier. A generalized analytical solution, which is 

expected to give scientific insights into the problem and to serve as an effective tool for breakwater design, has 

been derived by means of the two-dimensional linearized potential theory and matched eigenfunction 

expansion method.  The reflection, transmission and energy loss coefficients of the breakwater acting on the 

horizontal porous plate and vertical barrier is calculated and the effect of structural porosity, width of the structure, 

plate submergence depth, and wave parameter are examined in detail. 

2. Mathematical Formulation

In this study, the interaction of monochromatic oblique incident waves with a composite breakwater 

consisting of a submerged horizontal porous plate and bottom standing barrier is considered. The idealized 

geometry of the two-dimensional problem is shown in Fig. 1. Cartesian axes are chosen with x-axis along 

1186



mean free surface and y-axis pointing vertically upwards. The water depth is denoted by h, d represents 

submergence depth of porous plates and the width of the porous plate taken is  a1. Bottom standing barrier 

is located at a distance a2 from the origin at x=0. 

Fig.1. Schematic diagram for submerged horizontal porous plate and bottom standing barrier 

Assuming that the fluid is incompressible and inviscid, and the wave motions are small so that linear 

potential theory is applicable. velocity potential 𝜑 (x, y, z, t) can be used to describe the fluid motion, 

where t is time. Assuming harmonic motion of frequency ω, the velocity potential can be represented in 

the form of φj(x,y,z,t) = Re[φj (x.y)𝑒𝑖(𝑙𝑧−𝜔𝑡)] and surface deflection  j(x,z,t) = Re( j(x)𝑒𝑖(𝑙𝑧−𝜔𝑡)) where

Re illustrates the real part with l =  10 sin , l and  10 is the progressive wave number in z and y direction 

and  𝜃 is angle of incidence. Here the fluid domain is divided into five regions by using matched Eigenfunction 

expansion method as shown in Fig. 1. The open water and submerged porous plate regions are Region (ɪ): 0< 𝑥 <
∞ at 0 to h, Region (ɪɪ): -a1 < x < 0, 0 < y < d, Region (ɪɪɪ): -a1 < x < 0, d < y < h, Region (ɪv): -a2 < x < -a1, 0 < 

y < h and Region (v): -∞ < x < -a2, 0 < y < h. The velocity potential in each fluid region satisfies the Helmholtz 

equation (1) is given by 

2 2
2

2 2
0,jl

x y

 


 
  

 
 for j=1,2,3,4,5   (1) 

The bottom boundary condition is given by 

0,
j

y





at y=h,  for j=1,3,4,5         (2) 

The linear free surface boundary condition in each region is given by

0,
j

j jk
y





 


 on y=0,  for j=1,2,4,5 (3) 

where jk = 
2 / g  for j=1,2,4,5 (in the case of open water region) and g is the acceleration due to gravity. 

The boundary condition of porous plate region is given by 

2 3 10 3 2( )y y ik G      at y = d (4)

Where 
10k is the incident wave number, G is the porous effect parameter of thin permeable plate (Chwang, 

1983; Yu, 1995). When |G| = 0, the porous plate reduces to an impermeable plate; while for |G| → +∞, the plate 

becomes entirely transparent. The first equal sign in (4) indicates that the vertical mass fluxes between regions 2 

and 3 are continuous at the porous plate. The second equal sign demonstrates that the vertical fluid velocity in the 

horizontal porous plate is linearly proportional to the pressure difference between the plate’s two sides.The 

boundary conditions at the interface x=0 are given by 

1 2  ,      for 0 < y < d,   (5) 

1 3  ,      for d < y < h,   (6) 

1 2x x  ,    for 0 < y < d, (7)
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From Fig.2., the reflection, transmission and energy loss coefficients as a function of wave number 
10h

for /d h =0.44,  =0.2, 
1 /a h =4.44, 

2 /a h =11.11, =30° is presented. It is evident that when 
10h =1.5, 

transmission coefficient is minimum (Kt=0.32). For a moderate length incident wave 0.5<
10h <3.5, the

breakwater is effective keeping transmission coefficient less than 0.5. And beyond that, transmission 

coefficient is increasing and approaching towards unity and thus making the breakwater ineffective. It is 

found that when 
10h  increases reflection coefficient is increasing and reaches a value Kr=0.7 and then 

starts decreasing. It is also found that energy dissipation reaches a maximum value (Kd=0.5)  at 
10h =0.5 

and then starts decreasing. 

0 2 4 6 8 10

0.0

0.2

0.4

0.6

0.8

1.0

Ɣ10h

 Kr

 Kt

 Kd

Fig.2. Reflection coefficients, transmission coefficients, energy loss coefficients of a composite breakwater as a 

function of non-dimensional wave number 
10h for /d h =0.44,

1 /a h =4.44, 
2 /a h =11.11, =30°. 

4.1 Effect of porosity 

From Fig. 3(a), it is evident that initially 
10h  increases Kt reduces to a minimum value and with further 

increase in 
10h  transmission increases. Minimum value of transmission coefficient for 10%, 20%,30%, 

40% porosity of plate is 0.15,0.25,0.3,0.4 respectively. As porosity increases from 10% to 20%, minimum 

value of Kt increases from 0.15 to 0.25 (66.6%). As porosity increases to 30% and 40%, transmission 

increases to 0.3 and 0.4. It is seen that when porosity increases, transmission is also increasing. So a 

minimum porosity is adopted for reducing transmission. 10% porosity works well for 0.1 < 
10h <5 and 

20% porosity works well for 0.2<
10h <5, thus, 10% to 20% porosity is good for design.
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Fig.6(a). Transmission coefficients of a composite breakwater as a function of non-dimensional wave number and 

non-dimensional plate width for =4.44, =11.11, =0.2 and =30. 
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and it works efficiently for wave dissipation. It was also found that when plate width increases, reflection 

increases for 0.5< <4.5 and then decreases again. Experimental studies on the composite breakwater

may be carried out in the future. 
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Abstract 

The present study deals with the wave trapping by a combination of stratified porous structure of different densities 

along with vertical barrier and submerged horizontal plate using the linearized theory of water waves. The porous 

structure thickness is considered to be significant and the thickness of the plate is negligible when compared to 

the incident wavelength and water depth. The study is performed to analyse the effect of different porosities of 

the stratified porous structure along with vertical barrier and submerged porous plate. The angle of incidence, 

friction factor, depth of submergence of porous plate and porosity of the structure is varied to analyse the wave 

reflection coefficient, transmission coefficient, dissipation coefficient, wave force on the submerged porous plate 

and the porous structure. The numerical commutation is carried out using the mode-coupling relation and the 

matched eigenfunction expansion method. The change in the confined region is studded for better wave trapping 

by the breakwater system. The present study will be helpful for the design of an efficient breakwater system for 

the wave energy dissipation. 

Keywords: Stratified porous structure; Porous plate; Vertical barrier; Wave dissipation; Reflection and 

transmission coefficient 

1. Introduction

With the growing advancement in the offshore structures, there is a need for the protection of the 

coastline, as it serves the purpose of economic development and growth of the country. Coastal 

protection by breakwaters is particularly relevant for beaches of high commercial and recreational 

values as the defence structures may save lives, valuable resources and properties, as well as commercial 

activities in coastal areas. The breakwaters are designed to redistribute the sediment transport pattern 

and trap the travelling sediment for the purpose of beach restoration. These submerged breakwaters are 

mainly used to maintain the tranquil condition in the harbour and the aesthetic view of the beach is also 

protected. Various countries such as India, Japan, United States, China, Canada, Australia and European 

countries implemented permeable breakwaters for providing better sheltering to the mainland’s from 

the action of gravity waves.  

The wave motion upon deeply submerged impermeable bar was initiated by Newman (1965a,b) to 

analyse the wave action in the presence of obstacles and infinite step. The wave transformation is 

presented and validated with the experimental results. Sollit and Cross (1972) proposed the 

mathematical model for the wave-induced flow inside the porous medium and the wave damping was 

taken into account. The study was extended for oblique waves for pair of vertical obstacles (Newman 

1974) and wave transformation due to trapezoidal breakwater (Madsen and White 1976) was reported. 

Madsen (1983) studied the wave reflection due to the permeable absorbed with rear wall and the study 

proposed the iteration method to describe the friction factors. The study of wave reflection and 

transmission on a multi-layered trapezoidal breakwater is performed by Sulisz (1985) using Boundary 

Element Method (BEM). Dalrymple et al. (1991) used eigenfunction expansion method to study the 

wave scattering due to the presence of porous structure. A significant study is performed to reduce the 

computational difficulties in the analysis of the wave interaction with porous structures by various 

researchers using novel numerical methods and analytical techniques. The pioneering studies on the 

wave interaction with vertical barriers are performed by researchers in the recent decades. 

The conventional hard engineering used for costal protection affects the aesthetical appearance of 

beaches. Moreover, the partial wave transmission is essential to take place the natural beach processes 
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which maintain the beach profile. The traditional rigid breakwaters require a huge quantity of 

construction material and the process of construction is cumbersome. In many cases, the conventional 

rigid structures are subjected to high wave impact and collapsed in various locations. At particular 

situations, it is complicated phenomena for costal engineers/specialist to suggest a breakwater 

configuration for the effective oblique wave attenuation. Hence, researchers have introduced the 

porosity/permeability concept, which directly reduces the construction material, construction cost and 

indirectly helps in enhancing the wave damping.  

Several researches have investigated the performances of permeable plates and porous structures of 

various shapes are found to be good wave energy absorbers in the presence and absence of the leeward 

end wall. The functional efficacy of the porous blocks is evaluated based on the wave reflection and 

transmission characteristics of the incident wave which also depends upon the incident wave properties 

along with structural geometry. The porous blocks are easy to construct, the highly dissipative media 

can reduce wave reflection but the high energy damping can be achieved with low dissipative media 

and high porosity with large thickness of the structure. The barrier rock porous structures consist of 

seaward and leeward vertical thin barriers with a rock fill between two barriers. The barrier rock porous 

structures can be considered as suitable options in different locations, where there is significant seabed 

scour and weak geological faults/conditions (Liu and Li, 2014). In general, a barrier-rock porous 

structure can be developed in different structural configurations such as (a) barrier-rock porous 

structure, (b) structure away from rigid wall, (c) structure backed by rigid wall and (d) structure of semi-

infinite thickness placed on uniform/step-bottom. Caisson type porous structures are usually preferred 

for high energy dissipation and these structures shows additional performance in protecting the beach 

from the high tides. However, in the presence of high tidal current, the construction of a composite 

structure creates a disturbance to the natural fluid flow. The conventional breakwaters are preferred 

most as it helps to divert the current direction and encourage the erosion in the seaside regions where 

the littoral transport is predominant. The main drawback of the conventional breakwater is that the 

littoral transport causes toe failure frequently in most of the sea state condition. In order to overcome 

the toe failure due to littoral drift, the porous block can be effective solution, which allows the free 

passage of fluid in the seaward and shoreward regions and thick elevated impermeable step can also be 

an alternative solution to provide better relief to the toe erosion under high wave action. 

A significant work has been reported on wave scattering phenomena due to different types of porous 

barriers, plates and breakwaters by analytical methods and experiments. Newman (1965a) performed 

wave propagation in the presence of two-dimensional obstruction and extended the study to analyses 

the wave motion over the infinite step for the analysis of gravity wave scattering (1965b). The 

assumption of two-dimensional motion and linearized potential flow is done. For long obstacles the 

coefficient of reflection and transmission are formulated. Reflection and transmission coefficient 

depend on the parameter k0L, where k0 is the wave number and L is the obstacle length. Sollitt and Cross 

(1972) used a complex dispersion relation to investigate the wave motion inside the porous structure 

with the medium resistance and reactance offered by the structure. The wave reflection and transmission 

coefficient of finite depth and width is analyzed using the Eigen function expansion method and 

validated with the experimental results. Newman (1974) investigated the wave scattering due to two 

closely spaced obstructions and the second barrier or obstacle is observed to be more effective in 

reducing the wave transmission coefficient. Mendez and Losada (2004) reported the simplified step-

approximation technique for solving the porous structure dispersion relation. Thereafter, a new 

analytical solution, without considering the porous structure dispersion relation (Liu and Li 2013) and 

direct analytical equations for finding the wave reflection and transmission coefficients (Venkateswarlu 

and Karmakar 2019a, 2019b) are reported for various types of porous structure using the analytical 

method. Liu et al. (2008) carried out a detailed comparison of the existing analytical model and the 

developed numerical approach was performed and presented on the effect of geometric configuration 

and permeability properties of the porous structure on the wave reflection. The reflection and 

transmission characteristics of two submerged horizontal plates were examined. Liu and Luo (2013) 

developed a numerical model to examine the two submerged breakwater using long wave 

approximation. The variation in the width of the breakwater and depth of two submerged breakwater 

are examined. 
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Pile supported horizontal submerged plates have been proposed as offshore breakwaters for coastal 

protection since the 1970s. They are generally more economical in the use of construction materials. 

The presence of a horizontal plate near the free surface tends to steepen the waves over the plate due to 

shoaling and part of the incident wave energy gets dissipated by wave breaking, turbulence and friction 

on the plate surface. Yu and Chwang (1994) studied the wave motion above a submerged porous plate. 

The method adopted is boundary element method and Eigen function expansion method. The Darcy’s 

law is assumed for the flow through porous media. The variation of the transmission, the reflection, the 

loss of energy, the force versus the plate length, the incident wavelength, the depth of submergence, the 

water depth, and the porosity of the plate are discussed. With the increase in relative length of the plate 

to the incident wavelength, the reflection/transmission coefficients are found to be varying periodically. 

Wu et al. (1998) analyzed wave induced responses of an elastic floating plate. With increase in porosity 

the force and moment acting on the horizontal plate exhibit a significant reduction. The oblique wave 

interaction with submerged pitching plate was investigated by Karmakar et al. (2018). The numerical 

results for the reflection coefficient, transmission coefficient, free-surface deflection, and the vertical 

force due to the presence of pitching plate were computed. 

These are the supporting structures for the primary breakwater, to increase the hydro dynamic efficiency 

of the structure. Submerged barriers can be arranged either single or multiple, either fully extended or 

up to certain height. They help in reducing the direct impact on the structure and also give a good 

reflection and transmission coefficient. Koley and Sahoo (2017a) examined a vertical flexible 

permeable submerged membrane with three-dimensional water wave theory. Surface-piercing, bottom 

standing, and fully extended membrane wave barriers are analyzed for different values of structural and 

wave climate parameters. Wave reflection and transmission coefficient against the relative water depth 

is predicted and presented for various structural and wave parameters. It is observed that 40-50% of the 

wave energy is dissipated due the presence of flexible membranes. In few of the situations complete 

wave reflection and zero wave transmission is observed. Koley and Sahoo (2017b) examined a vertical 

permeable membrane near to the vertical wall with Eigen function expansion method. Wave reflection, 

energy dissipation due to membrane and seawall and wave forces on the membrane and seawall are 

presented. Various conditions are studied regarding the membrane for finding the better position like 

surface piercing, bottom mounted and submerged membranes with end vertical wall are performed for 

achieving the better results in reflection coefficient and minimum wave forces. Surface piecing structure 

performs minimum reflection and maximum wave energy absorption, submerged barrier performs high 

reflection and low wave energy absorption and bottom standing barriers performs average reflection 

and wave energy absorption compared with remaining structures. 

The previous studies suggests that combination of the submerged structure is found to be effective in 

dissipating the wave energy and the study due to the combination of the structure is rare. The efficiency 

of the structures is evaluated by the reflection and transmission coefficient of the structure. In the present 

study the combination of the porous structure with barrier and a submerged plate is carried out 

considering the oblique wave incidence. The reflection and transmission coefficient are presented by 

varying angle of incidence and changing the structural parameters. The present study includes the 

configuration of a thin submerged porous plate, a fully extended barrier and a fully extended stratified 

porous block. 

2. Mathematical Formulation

The study investigates the wave train incident on the submerged porous plate, fully extended vertical 

barrier and stratified porous structure based on the assumptions of linearized wave theory. The structure 

or a barrier consists of a uniform homogeneous porosity and friction factor with finite thickness. A two-

dimensional coordinate system is considered in the analysis with x-axis being the horizontal and z-axis 

considered as vertically downward positive. The foundation is assumed to be horizontal impervious 

with zero velocity in the case of open water region and porous block region. The incident wave is 

assumed to be obliquely propagating with an angle   and impinging on the floating plate. The flow is 

assumed to be time harmonic in nature with angular frequency  and the velocity potential in each of 

the region is represented in the form 
( )( , , , ) Re[ ( , ) ]i lz t

j jx y z t x y e     and the surface 
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deflection is ( , ) Re{ ( )} i t

j jx t x e    where Re illustrates the real part with 10 sinl   , 10 is the 

progressive wave number and   is the angle of incidence. The spatial velocity potential, ( , , )j x y z

satisfies the Helmholtz equation in each of the region 1,2,3,4,5,6,7,8j   given by  

2 2

2

2 2
0

j j

jl
x y

 


 
  

 
, for 0 y h  , (1) 

The numerical model is developed in order to analyze the structure or barrier with different porosity 

and other parameters which can be changed. The wave reflection coefficient, transmission coefficient 

and the amount of energy dissipated from the structure or barrier are analyzed using the eigenfunction 

expansion method. The submerged porous plate is considered to have thickness   and the wave is 

considered to be propagating obliquely at an angle “ ”.  

Figure 1: Wave interaction through fully extended stratified porous block, barrier and 

submerged plate 

The submerged plate is assumed to be at 1 0a x   at water depth 1y h , vertical barrier is at 

2x a  and stratified porous structure at 4 3a x a    . The fluid domain is divided into eight 

regions, upstream open water region at 0 x  , 0 y h   as region 1, the region above the 

submerged plate 0a x   , 10 y h   as region 2, the region below the submerged plate 0a x  

, 1h y h  as region 3, region between the plate and barrier 2 1a x a    , 0 y h  as region 4, 

region between barrier and the stratified porous structure 3 2a x a    , 0 y h  as region 5, in 

stratified porous structure 4 3a x a  two regions 10 y h  and 1h y h  as region 6 and 7 

respectively and downstream 
4x a   , 0 y h  as region 8. The linearised free surface

boundary condition in each of the region is given by 

( , )
( , ) 0

j

j j

x y
K x y

y





 


, on 0y  ,    1,2,...,8j   (2) 
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  y = h 

  y = h1 
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where, 

2

jK
g


  for 1,2,3,4,5,8j   in the case of open water region and 

2

( )j j jK s if
g


   for 

6,7j  the porous structure region. The wave motion upon impermeable seabed is given by

( , )
0

j x y

y





, at y h , 1,3,4,5,7,8j   (3) 

The boundary condition due to the presence of the porous plate is given by

32
10 3 2( )ik G

y y


 


  

 
, at 1y h  (4) 

where, 
10 ( )

G
k f is







, G  is porous effect parameter of porous plate,  is porosity of the plate, is 

thickness of the plate, f is coefficient of friction of porous plate, s is inertial effect parameter of porous 

plate. The dynamic pressure and the velocity are continuous at the interfaces satisfying the matching 

conditions. The fluid motion between seaward open water region and leeward open water region 

through the breakwaters developed with impedance and porosity parameter in x-direction is given by 

1 2

x x

  


 
 and 1 2  at 0x  , 10 x h  (5a) 

31

x x

 


 
 and 1 3  at 0x  , 1h x h  (5b) 

4 2

x x

  


 
 and 4 2  at 

1x a  , 10 x h  (5c) 

34

x x

 


 
 and 4 3  at 

1x a  , 1h x h  (5d) 

54
40 4 5( )pi G

x x


  


  

 
 at 

2x a  , 0 y h  (5e) 

5 6
3

x x

 


 


 
 and 5 3 6G  at 3x a  , 10 x h  (5f) 

5 7
4

x x

 


 


 
 and 5 4 7G  at 3x a  , 1h x h  (5g) 

8 6
3

x x

 


 


 
 and 8 3 6G  at 4x a  , 10 x h  (5h) 

8 7
4

x x

 


 


 
 and 8 4 7G  at 4x a  , 1h x h  (5i) 

At the interface the pressure and velocity continuum are given by the porous effect parameter and the 

inertia effect parameter for the stratified porous structure. In the case of fully extended barrier

 2 40 2 2/ ( )p tG k f is   denotes the porous effect parameter (Yu and Chwang, 1994),  2  is the porosity 

of barrier, t  is the porous block thickness, 2f is the friction factor due to the presence of the vertical
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barrier, 2s is the inertia, 3&4  are the porosity of porous block, 3 3 3G s if  , 4 4 4G s if  are the

impedance of the porous medium (Yu and Chwang, 1994), 
3f ,

4f is the friction factor offered by the 

porous structure and 3s , 4s  is the inertia. The wave energy dissipation inside the structure is determined 

by incorporating inertia effect and linearized friction factor. These factors are determined by Lorentz’s 

conditions of equivalent work (Sollitt and Cross, 1972). 

3. Method of solution

The wave motion control by a combination of breakwaters in the water of finite depth is formulated 

based on the linearized theory of water waves. The eigenfunction expansion approach is used for the 

determination of the unknown coefficients under the assumption of the linearized wave theory. Using 

the method of separation of variables, the velocity potentials in each of the regions are given by 

10 10 1( ) ( ) ( )

1 10 10 10 1 1

1

( ) ( ) ( ) ( )nik x ik x k x

n n

n

I e R e f y R e f y


 



   , for (0 )x  , (6a) 

2 2
2 2 2 2

0 2 2

cos sin
[ ] ( )

cos sin

n n
n n n

n n n

k x k x
A B f y

k a k a






  , for 1( 0)a x   , (6b) 

2 2
3 2 2 3

0 2 2

cos sin
[ ] ( )

cos sin

n n
n n n

n n n

k x k x
A B f y

k a k a






  , for 1( 0)a x   , (6c) 

40 40 4 41 2 1 2
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ik x a ik x a k x a k x a
A e B e f y A e B e f y
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(6d) 
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(6e) 
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    for 4 3( )a x a    , (6f) 
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    for 4( )x a   ,  (6h) 

where, 10I is the incident wave, 
1 2 2 4 4 5 5 6 6, , , , , , , ,n n n n n n n n nR A B A B A B A B and 8nT for 0,1,2,3....n    are 

unknown constants. The eigenfunction ( )jnf y  for 1,4,5,8j   for open water region is given by 

0

0

cosh ( )
,

cosh( )
( )

cos ( )
,    for 1,2,3,.......

cos( )

j

j

jn

jn

jn

h y

h
f y

h y
n

h













 
 




(7a) 

The eigenfunction jnf for 2,3j   in case of porous plate region is given by

2

2 2 1 2 2 2( ) sinh ( ){ cosh( ) sinh( )}n n n n nf y h h g y y       , for 0,1,2,3....n   (7b) 

2

3 2 1 2 2 2( ) { cosh sinh }cosh ( )n n n n nf y h g h h y       , for 0,1,2,3....n     (7c) 
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The eigenfunction 
jnf 6,7j  case of stratified porous region is given by

6 6
6

6 6

osh ( ) sinh ( )
( )

osh sinh

n n n
n

n n n

c h y P h y
f y

c h P h

 

 

  



, for 0,1,2,3,....n      (7d) 

3 6 6
7

4 6 6

(1 tanh )cosh ( )
( )

(cosh sinh )

n n n
n

n n n

G P a h y
f y

G h P h

 

 

 



, for 0,1,2,3,....n      (7e) 

The eigenfunction ( )jnf y  for 1,4,5,8j   satisfies the open water dispersion relation given by 

0 02
tanh( )

tan( )      for 1,2,3,....

j j

jn jn

g h

g h n

 


 


 

 

(8a) 

The dispersion relations to determine the wave number 2n in the plate covered region is given by 

2

2 2 1 2 1 2 2 1

2

10 2 2 2

sinh ( ){ cosh( ) sinh( )}

{ cosh( ) sinh( )},

n n n n n

n n n

h h h g h

iGk h g h

     

   

 

 
 for 0,1,2,3....n    (8b) 

The dispersion relations to determine the wave number 2n in the stratified porous region is given by

2 2

1 2 2 1 2 2tanh ( tanh )n n n n nG g h P G h g        , for 0,1,2,3....n   (8c) 

where, 

4 3
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3 4
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3 4

1 tanh

1 tanh
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P

G
a

G











 
 

 
 
 

 

, for 0,1,2,3,....n  (9) 

For open water region, 
jnk is the wave number in x – direction, 

jn  is the wave number in y – direction, 

10 sinl   , 10 10 cosk   and   is the angle of incidence. In addition, there are purely imaginary 

roots 
jn with  2 2 2

jn jnk l     for 1,2,3,....n  . The eigenfunctions ( )jnf y satisfy the orthogonality 

relation of the form 

'1,4,5,8

0  for  
,

       for  
jn jm j

n

m n
f f

C m n


 


,  (10) 

with respect to the orthogonal mode-coupling relation defined by 

1,4,5,8
0

, ( ) ( )

h

jn jm jn jmj
f f f y f y dy


  , (11) 

where, 
'

21,4,5,8

2 sinh 2

4 cosh

jn jn

n j
jn jn

h h
C

h

 

 

  
  
  

  for 0n   (12a) 

'

21,4,5,8

2 sin 2

4 cos

jn jn

n j
jn jn

h h
C

h

 

 

  
  
  

   for  1,2,3,......n    (12b) 

In order to determine the unknown coefficients, the mode-coupling relation (11) is employed on the 

velocity potential ( , )j x y  and ( , )jx x y with the eigenfunction ( )jmf y along with continuity of 

pressure and velocity as in Eq. 5(a,b) across the vertical interface 
1 2 3 40, , , ,x a a a a     and the

system of linear equation is obtained.  

1201



The system of linear equations is solved and the unknowns 
1 2 2 4 4 5 5 6 6, , , , , , , ,n n n n n n n n nR A B A B A B A B and 

8nT are determined.  The reflection coefficient rK , transmission coefficient tK and energy damping 

dK are determined as

10

10

r

R
K

I
  , 10

10

r

T
K

I
 and 2 21 ( )d r tK K K    (13) 

4. Numerical Results and Discussion

The wave transformation due to the combination of the porous structure or stratified porous block, along 

with submerged porous plate and the fully extended barrier is performed and the reflection and 

transmission coefficient are plotted versus non-dimensional wave number. 

4.1 Porous block with fully extended barrier and submerged porous plate 

The porous structure along with the barrier and submerged porous plate is examined and the behavior 

of the structure is analysed. The reflection, transmission and dissipation coefficient depend upon the 

porosity, angle of incidence, non-dimensional wave parameter, width of the porous structure and 

friction factor. Hence, the effect of the porosity is studied by keeping the angle of incidence, friction 

factor and impedance of the porous medium as constant.  
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Figure 2: (a) 
rK  (b) 

tK and (c) 
dK  versus 10h for different values of structural porosity considering 

incident wave angle 
045  . 

In Figure 2 (a-c), the reflection
rK , transmission 

tK and wave energy dissipation coefficients 
dK are 

plotted against non-dimensional wave number. The 
rK is observed to be increasing with increase of
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structural porosity within 0.2 0.8  . The figure shows an oscillating trend with increase of non-

dimensional wave number. The transmission coefficient is observed to be increasing with the decrease 

of structural porosity and gradually merges to zero with the increase of non-dimensional wave number. 

The trend is due to the partial wave energy transmission taken place due to the porosity of the breakwater 

system. The energy dissipation coefficient 
dK is found to be increasing with the decrease of structural

porosity and oscillating with the increase of non-dimensional wave number 10h . 

4.2 Stratified porous block with fully extended barrier and submerged porous plate 

The necessity of the porous structure on the leeward side is helpful in protecting the offshore facilities 

from high wave attack. The submerged porous plate along with fully extended barrier is backed by a 

stratified porous structure. The hydrodynamic characteristic is reported for various values of structural 

porosity and dimensionless wave number. The wave transformation and numerical prediction shows 

that the resonating trend in the 
rK is reduced with the increase in the number of structures. Hence, the

present study is focused on the impact of reflection and dissipation coefficient in presence of the 

combination of the structures with porosity as the influencing parameter. 
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Figure 3: (a) 
rK and (b) 

dK versus 10h for different values of structural porosity considering 

incident wave angle 
045  . 

In Figure 3(a,b), the reflection 
rK and wave energy dissipation coefficients 

dK are plotted against non-

dimensional wave number. The 
rK is observed to be increasing with increase of structural porosity 

within 0.2 0.8  . The graph shows an oscillating trend with increase of non-dimensional wave 

numberThe energy dissipation coefficient 
dK is found to be increasing with the decrease of structural 

porosity and oscillating with the increase of non-dimensional wave number 10h .  

5. Conclusions

The wave transformation due to submerged porous plate, with fully extended vertical barrier associated 

with stratified porous block is analysed using the small amplitude wave theory. The conclusions drawn 

from the present study are as follows: 

 For stratified porous block configuration, reduction in the
rK is achieved by decreasing the 

porosity of structure from 0.8 to 0.2.

 Reduction in reflection coefficient is observed due to the enhanced fluid structure interaction.

 Minimum porosity is preferred in the leeside porous layer for better wave blocking and

protection of mainland.
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 The decrease in the porosity of the structure, barrier and plate enhances the wave energy

damping and 
dK reaches more than 65% for lower porosity 0.2  . 

 The advantage of combination of the porous structures is that the transmitted wave from the

first porous structure is reflected by the second porous structure.
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Abstract 

This paper presents a quantitative investigation of the variability of meteorological dry/wet conditions of the 

Chennai metropolitan area during 1960–2020 by using the standardized precipitation evapotranspiration index 

(SPEI). The SPEI is computed based on the daily observations of meteorological stations across the catchment 

covering the districts of Chennai, Thiruvallur, Kancheepuram and Vellore. The SPEI is computed for the timescale 

of 1, 3, 6, 12, 24 and 48 months that display the meteorological dry/wet spells for several severe drought and flood 

events that occurred during the last 6 decades. The possible impacts of climate change in terms of the changing 

temperature and precipitation patterns were also considered. There has been a stark change in land use patterns, 

population stress, abuse of natural resources and climate in the developmental phase of the landscape. Climate 

induced impacts like droughts, floods, heavy rains and winds are becoming increasingly evident in the landscape. 

The city of Chennai faces summer water crisis on one end and monsoonal flood disasters on the other end.  Major 

results show that the occurrence of dry/wet condition has erratically changed in the recent two decades, especially 

the subsequent wet and dry spells from 2010 to 2020. In addition, the possible impacts of temperature variation 

on dry/wet conditions were also examined by comparing SPEI and standardized precipitation index (SPI) at 

multiple timescales during the study period. The results in this paper will contribute to develop management 

strategies that build resilience to the water mediated risks in the Chennai metropolitan area. 

Keywords: Chennai; climate change; droughts; floods 

1. Introduction

Water deficit and surplus over long periods can lead to droughts and floods respectively, Urban areas 

have been lately experiencing increased frequencies of climatic hazards like droughts and floods (Zargar 

et al., 2011). Multiple studies have indicated that the frequency of these extreme weather events has 

increased in the past half-century (Gu et al., 2019). Due to global warming’s effect on the hydrological 

cycle, the spatial and temporal distribution of water resources has altered leading to an increase in 

extreme weather and rainfall events (IPCC, 2013). 

Limited or lack of water supply can cause damage to the environment, economy, and society. It also 

poses a risk to agricultural production thereby affecting food security. This gives rise to the need for 

predicting droughts and floods (Poornima and Pushpalatha, 2019). Disaster prevention, mitigation, and 

general water resource management, therefore, depend on the prediction of extreme dry and wet 

conditions. 

To quantify drought, an appropriate indicator for accurate determination of wet and dry periods is 

required (Abbasi et al., 2019). Drought indices help determine the duration, temporal, and spatial extent 

of droughts with the help of meteorological and hydrological variables (Steinemann, 2003). Drought 

indices are classified under four categories – meteorological, hydrological, agricultural, and socio-

economic. Each type of index requires different parameters such as precipitation, transpiration for 

meteorological drought, soil moisture, and evaporation for agricultural drought, and streamflow 

shortage for hydrological drought indices (Danandeh Mehr et al., 2020). 

Palmer Drought Severity Index (PDSI) and the Standard Precipitation Index (SPI) remains the most 

widely used meteorological drought indices. The PDSI relies on a simple water-balance model based 

on monthly precipitation and temperature data, but the lack of a multi-scalar approach and a complex 

calculation makes its application limited (Palmer, 1965). The SPI relies on the assumption that the 

precipitation variability is much higher variability of other factors (Dhangar et al., 2019) and uses only 

the daily or monthly rainfall data. Researchers have pointed out that temperature also plays a major role 
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in drought as increasing evapotranspiration increases the water demand (Abbasi et al., 2019). Another 

argument against SPI was that temperature has become an important aspect of droughts considering the 

rate of climate change (Dai, 2011). This gave rise to the Standard Precipitation and Evapotranspiration 

drought Index (SPEI) by Vicente-Serrano et al., (2010). The SPEI makes use of the climatic water 

balance, i.e. the difference between precipitation and reference evapotranspiration (Beguería et al., 

2014). SPEI integrates both PDSI and SPI creating an ideal tool for monitoring dry/wet conditions 

(Vicente-Serrano et al., 2010). 

Trends observed show that India will experience a higher risk of extreme rainfall events (Goswami et 

al., 2006). Cities in India are highly dependent on rainfall, especially in Chennai where large reservoirs 

hold the runoff from precipitation in monsoon. The city is highly prone to both floods and droughts that 

have intensified due to climate change and lack of sustainable resource management. (Srinivasan et al., 

2010 and Rangarajan et al., 2018). 

The objectives of the study are (i) to investigate the attribute of spatial and temporal variability of dry 

and wet conditions defined by SPEI (ii) to examine the evolution of SPEI at different timescales and 

(iii) to assess the influence of temperature on the dry and wet conditions in recent years due to climate

change.

2. Study Region and Data

Chennai formerly, Madras is the capital city of the Indian state of Tamil Nadu. It is located on the 

Coromandel coast off Bay of Bengal and is one of the largest economic, educational and cultural centres 

in south India. The city together with parts of Thiruvallur, Kancheepuram and Vellore districts 

constitutes the Chennai metropolitan area (United Nations, 2019). It also forms a major part of the 

Chennai Basin (Figure 1). 

Figure 1 The geophysical location of Chennai Metropolitan Area and meteorological stations across 

the area 
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Figure 2 Mean monthly precipitation and temperature of the Chennai metropolitan area for the period 

1960–2020 

The basin is laden with a number of rivers and over a thousand natural depressions forming tanks, 

ponds, lakes and wetlands. Chennai is often referred as the city of thousand tanks with about 1304 tanks 

irrigating approximately 850 km2 of agricultural area (Sivaraman and Thillaigovindarajan, 2018). The 

Palar River along with Adyar River, Coovam River and Kosasthaliyar River are the major flowing 

rivers in the study area ultimately discharging into the Bay of Bengal.  The study area is about 10,585 

km2 and experiences a tropical wet and dry climate. For most of the year the weather is hot and humid 

with the hottest months being May to June with temperatures ranging from 33 to 37 ° C. The coolest 

part of the year is January with an average temperature of 24 ° C. The annual average rainfall is about 

1400 mm. The city gets most of the rainfall from north-eastern monsoon winds, during September to 

December (Figure 2) 

Chennai has experienced both floods and drought conditions in the past decades causing economic and 

structural damages. For example, the 2015 flood event followed by a day zero in 2019 raised concerns 

for the water resource management and wetland ecology (Arabindoo, 2017, Krishnamurthy et al., 2018 

and Herring et al., 2016). Despite having a good amount of open water bodies and rivers flowing across 

the landscape, the occurrence of droughts and floods is not only controlled by the river discharges by 

also highly affected by the catchment inflow and the groundwater recharge. Therefore, dry wet 

conditions of the surface water and recharge rate of groundwater is a critical parameter for occurrence 

of serious droughts and floods in the region (Gupta and Nair, 2010). With changing patterns of rainfall 

and temperature the high intensity low duration runoff that decreases the groundwater recharge and 

water availability is seen as one of the major reasons for the increased drought and flood frequencies in 

the study area (Mujumdar et al., 2020). 

In this study, a complete data set of daily precipitation and temperature from 39 weather stations across 

the districts of Chennai, Thiruvallur, Kancheepuram, and Vellore inside the study area was obtained 

from the Indian Meteorological Department (IMD). The daily observations are aggregated to form a 

monthly data sets for the period of 1960-2020. Locations of the weather stations are indicated in Figure 

1. 

3. Methodology

3.1 Standard Precipitation Evapotranspiration Index (SPEI) 

The standard precipitation Evapotranspiration Index (SPEI) is estimated based on precipitation and 

evapotranspiration conditions was proposed by Vicente-Serrano et al. (2010). SPEI combines the 
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principles of PSDI (Palmer, 1965) with multiscalar characteristics of SPI (McKee et al., 1993). The 

procedure to calculate SPEI includes the following steps (Vicente-Serrano et al., 2010) 

Step 1: Calculation of monthly climatic water balance: 

Potential evapotranspiration (PET) is estimated using which the difference between the precipitation 

(P) and PET for the month 𝑖 is calculated:

𝐷𝑖 = 𝑃𝑖 − 𝑃𝐸𝑇𝑖 (1) 

which provides the measure of the water surplus or deficit for the analyzed month. In this study, the 

potential evapotranspiration is estimated using the Hargreaves method (Hargreaves and Samani, 1982) 

Step 2. Establishing water surplus or deficit at different timescales: 

𝐷𝑛
𝑘 = ∑𝑘−1

𝑖=0 (𝑃𝑛−𝑖 − 𝑃𝐸𝑇𝑛−𝑖),    𝑛 ≥ 𝑘, (2) 

where k is the timescale and 𝑛 is the number of times computed. 

Step 3. Standardization of the variable 

The established data series is fitted by applying the probability density function of a three-parameter 

log-logistic distribution: 

𝑓(𝑥) =
𝛽

𝛼
(

𝑥−𝛾

𝛼
)

𝛽−1

[1 + (
𝑥−𝛾

𝛼
)

𝛽

]
−2

(3) 

where α, β and γ are scale, shape and origin parameters, respectively, for D values in the range (γ > D 

< ∞). Parameters of the Log-logistic distribution can be obtained using the L moments procedure 

(Ahmad et al., 1988) 

The probability distribution function of D according to the Log-logistic distribution is then given by: 

𝐹(𝑥) = ∫
𝑥

0
𝑓(𝑥)𝑑𝑡 = [1 + (

𝛼

𝑥−𝑦
)

𝛽
]

−1

(4) 

The SPEI can easily be obtained as the standardized values of F(x) using the approximation proposed 

by Abramowitz and Stegun (1965). 

𝑆𝑃𝐸𝐼 = 𝑊 − 
𝐶0+𝐶1+𝐶2𝑊2

1+𝑑1𝑊+𝑑2𝑊2+𝑑3𝑊3 (5) 

where 𝑊 = −2 𝑙𝑛 𝑙𝑛 (𝑃) 

P = 1-F(x) where P is the probability of exceeding a determined D value. If P>0.5, P is replaced by 

1−P and the sign of the resultant SPEI is reversed. The constants C0=2.515517, C1=0.802853, 

C2=0.010328, d1=1.432788, d2=0.189269, d3=0.001308. The average value of the SPEI is 0, and the 

standard deviation is 1. The SPEI is a standardized variable, and it can therefore be compared with other 

SPEI values over time and space. An SPEI of 0 indicates a value corresponding to 50% of the 

cumulative probability of D, according to a Log-logistic distribution. According to the value of SPEI, 

meteorological dry/wet conditions can be classified into seven categories (Vicente-Serrano et al., 2010). 

Table 1 lists the SPEI classification corresponding to the SPEI values obtained. 
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Table 1 SPEI classification 

Category SPEI 

Extremely wet ≥ 2.0 

Severely wet ≥1.5 and <2 

Moderately wet ≥1.0 and <1.5 

Normal ≥-1.0 and <1.0 

Moderately dry ≥-1.5 and <-1.0 

Severely dry ≥-2.0 and <-1.5 

Extremely dry ≤-2 

3.2 Standard Precipitation Index (SPI) 

The standardized precipitation index (SPI) was proposed by McKee et al (1993) to quantify 

precipitation anomaly with respect to long-term normal conditions for multiple timescales. Thus, the 

time scale over which water deficits piles up becomes extremely important, and functionally separates 

hydrological, environmental, agricultural and other droughts. SPI is also one of the most widely used 

indicators for meteorological drought estimation. Generally, the calculation process of SPI is totally 

consistent with SPEI, but it considers only the precipitation surplus and deficiency on meteorological 

dry and wet conditions. In addition, both indexes have the same classification of the intensity of dry/wet 

conditions [McKee et al., 1993, Vicente-Serrano et al., 2010]. In this study, SPI is used as a reference 

index to evaluate the impact of temperature variability on dry/wet conditions within the study area as a 

result of climate change. SPI is estimated as per Mckee et al. (1993). 

4. Results and Discussion

4.1 Frequency of Dry and Wet Months in the Study Area 

Based on the spatial averages of the meteorological data from all the weather stations, SPEI for the 

entire study area was estimated, then cumulative frequencies of the dry and wet period were estimated 

for the 1960-2020 timeline. As shown in the Figure 3(a) the results indicate that there were 125 dry 

months that had occurred in the study area during the last 60 years among which moderately dry spells 

occurred in 89 months, severely dry spells occurred in 26 months and extremely dry spells occurred in 

10 months. The results also indicate 126 wet months were recorded in the past 60 years wherein 

moderately wet spells occurred in 73 months, severely wet spells occurred in 40 months and extremely 

wet spells occurred in 13 months (Figure 3(b)). On a seasonal basis, dry and wet spells of different 

magnitudes can occur in any month of the year and the average occurrence of dry and wet spells in each 

month is about 10 times (Figure 3(a) and Figure 3 (b)). The dry spells are more likely to occur in the 

months of June, October and January and least likely to occur in the month of April (Figure 3(a)). 

Moderately dry spells mainly occurred in June, October, December and January, severely dry spells 

mainly occurred in July, August and September and extremely dry episode mainly occurred in the 

month of March (Figure 3(a)). As for the wet spells they are most likely to occur in the months of 

January, February, September and November and least likely to occur in October and December (Figure 

3(b)). Moderately wet spells have mainly occurred in March, November and December, severely wet 

spells have mainly occurred in February and extremely wet spells have mainly occurred in June, August 

and October (Figure 3(b)). 

Figure 4(a) and Figure 4(b) shows the cumulative frequency of dry and wet spells of different 

magnitudes for every decade in 1960 to 2020. It can be seen that, the period of 1980 to 1990 had the 

highest spells of dry conditions (Figure 4 (a)). While moderately dry and severely dry spells have mostly 

occurred in 1980 to 1990, extremely dry conditions were more frequent in 2010 to 2020 followed by 

2000 to 2010 (Figure 4(a)). The most frequent occurrence of wet spells was observed in 1960 to 1970, 

1980 to 1990 followed by 2010 to 2020 (Figure 4(b)). Moderately wet spells have occurred mostly in 

the period of 1960 to 1970 and 1980 to 1990, severely wet spells have occurred mostly in 1960 to 1970 
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followed by 2010 to 2020 and extremely wet spells have mostly occurred in 2000 to 2010 followed by 

2010 to 2020 (Figure 4 (b)). 

Table 2 Frequency of dry and wet spells according to different timescales of SPEI 

Frequency SPEI 1 SPEI 3 SPEI 6 SPEI 12 SPEI 24 SPEI 48 

Dry spell 99 63 37 25 23 18 

Wet spell 105 58 49 27 21 7 

The above analysis exhibits increased frequency of extremely dry and extremely wet spells in the past 

two decades i.e. from 2000 to 2020 which is consistent with the frequent flood and drought events that 

had occurred in the recent years (Rangarajan et al., 2018). The result of the meteorological dry and wet 

spells may indicate the logical explanation of the climate anomaly in the Chennai basin and the 

importance to maintain the hydrological connectivity among the water bodies to combat water mediated 

risks and achieve water security in the area. 

(a)   (b) 

Figure 3 Monthly cumulative times of (a) dry and (b) wet spells of different categories occurring in 

Chennai for the period 1960 – 2020 

(a)   (b) 

Figure 4 Cumulative times of (a) dry and (b) wet spells of different categories occurring in Chennai 

under different time periods 
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4.2 Variability of Multitimescales of SPEI 

According to McKee et al. (1993) and Vicente-Serrano et al, (2010). the frequency and duration of dry 

and wet spells at different timescales were estimated. In theory SPEI and SPI values ≥ 1 are wet 

conditions and SPEI and SPI values ≤ -1 are dry conditions. Table 2 shows the frequency of dry and 

wet spells occurring during 1960 to 2020 for different timescales of SPEI. In general, the frequency of 

dry spells is greater than wet spells for SPEI 3, SPEI 24 and SPEI 48. But the average durations for wet 

spells last longer than the drier spells except for SPEI 3. The dry spell for SPEI 48 has occurred for a 

maximum of 36 months between the 2001 to 2005 whereas the wet spells have lasted as long as 83 

months between 2006 and 2013. 

The evolution of dry and wet spells in Chennai metropolitan area for the multitimescales of SPEI values 

is shown in Figure 5. SPEI 1 and SPEI 3 being estimated at an interval of 1 months and 3 months 

respectively, they are characterized by seasonal oscillation with large variation during the study period. 

SPEI 6 presents the fluctuation of dry and wet spells at a half yearly period whereas SPEI 12 displays 

a yearly trend. Furthermore, variability of SPEI 24 and SPEI 48 presents an attribute of inter decadal 

variability. On a decadal scale dry spells that lasted for several years in the study area likely occurred 

during 1981 to 1984, 1992 to 1995, 2001 to 2005. Whereas continuous wet spells mostly occurred 

during 1977 to 1980, 1985 to 1988, 1996 to 1999, 2005 to 2013 and 2015 to 2018. The notable flood 

hazards caused due to the wet episodes occurred during 1976, 1985, 1996, 2005 and 2015 (Arabindoo, 

2017). However, the dry episodes have caused severe water deficit in the study area over the last six 

decades which is reported in several literatures like (Mujumdar et al., 2020, De et al., 2005 and Mallya 

et al., 2016). Chennai experienced a day zero scenario in 2019 wherein Chennai officials had declared 

that no water was available and all four major reservoirs of the city had run dry (Murphy and 

Mezzofiore, 2019). Thus, SPEI estimated at multiple time scales can indicate changes in the status of 

available water resources under the evolution of meteorological dry and wet conditions. As discussed 

by (Mckee et al., 1993) variations of SPEI 1 and SPEI 3 indicate effect of varying precipitation and 

temperature and can be used to examine immediate water balances in soil moisture and vadose zone 

area. SPEI 6 and SPEI 12 reflect on the availability of water for the river runoff and SPEI 24 and SPEI 

48 indicate overall impact of climate change over a longer period of time and reflect upon groundwater 

and reservoir storage conditions. 

The different periodicity and amplitude of the dry wet conditions in different timescales can occur 

simultaneously or consequently as shown in Figure 5. SPEI 48 reached a minimum of -1.97 in 1983 

and took almost 4 years to return to normal condition after 1983. On a shorter timescale of 3 months 

and 6 months SPEI 3 of -2.9 and SPEI 6 of -2.48 were recorded in 1964 and 2017 respectively. The 

conditions leading to SPEI dropping below 2 in 2017 and 2018 is one of the major reasons for the drying 

up of the reservoirs and Chennai experiencing a drought at that period. More over declining 

groundwater levels reported by Central Groundwater Board (CGWB) in 2018 failed to meet the growing 

demands of the city. However, with a bountiful rainfall in 2019 groundwater table has witnessed a rise 

in levels (State Ground and Surface Water Resources Data Centre, 2019). The 2018 drought in Chennai 

was a consequence of shorter time scale dry spells whereas the severe drought from 2000 to 2004 had 

occurred based on the background that shorter timescales of dry spells and 

the longer timescales of dry spells (SPEI-24 and SPEI-48) were encountered and overlapped. On the 

contrary, the 2015 flood in Chennai is one of the severest flood hazards in the recent years but lasted 

for short duration. The flood was not only caused due to high intensity low duration rainfall, but also 

due to lack of proper storm water management structures and reduced flood buffering capacity of the 

wetlands due to encroachment and conversion made the flood severe (Krishnamurthy et al., 2018).  

4.3 Impact of Temperature on Dry Wet Variability 

Temperature plays an important role in determining the intensity and duration of dry/wet condition. 

Rise in temperature is directly proportional to rise in evaporation which will increase the possibility of 

drought and vice versa (Ye et al., 2014). Although SPEI is almost consistent with SPI the slight 

difference in the curves is observed due to the effect of potential evapotranspiration which is not 

considered while calculating SPI and thereby reflect the effect of temperature variation on the intensity 
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of dry and wet condition. As an example, Figure 5(b) shows comparison of SPEI and SPI at timescales 

of 1, 3, 6, 12, 24, 48 months during 1960 to 2020. Although the pattern is consistent there are instances 

of SPEI values higher than SPI like 2006 to 2008 and 2010 to 2014 whereas SPI values are greater than 

SPEI from 1976 to 1982. Figure 6 shows the annual temperature departures from 1960 to 2020 and how 

the average annual temperature has increased by 0.52 ° C within a 60-year period. Chennai experienced 

a highest rise in temperature in 1998 and the maximum drop in temperature was observed in 2005. 

Temperature drops can make flood more severe as observed in 2005 an increased temperature can 

increase the severity of drought as experienced in 2000 to 2004. Thus, temperature variation plays a 

key role in determining the dry/wet intensity along with precipitation departures in Chennai. 

(a)   (b) 

Figure 5 (a) Evolution of multitimescale of SPEI values and major drought and flood events in 

Chennai during 1960 to 2020. (b) Comparison of multitimescales of SPEI and SPI during 1960–2020 
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Figure 6 Variation of annual temperature departures during 1960 to 2020. 

5. Conclusion

This paper quantitatively assessed the evolution of meteorological dry/wet conditions in Chennai for 

the duration of 1960 to 2020 using SPEI. The results denote the occurrence of meteorological dry/wet 

spells in Chennai can occur in most months of the year. Recent years have shown an increase in the 

frequency of dry and wet conditions of a greater magnitude of severity especially the extreme dry and 

wet episodes in 2000 to 2020. Seasonal variations of the dry and wet spells can be identified in the study 

area. Due to the influence of the north east monsoons, drought is more prevalent in the months of June 

with March April and May experiencing a low duration extreme drought. 

Since SPEI is calculated at different timescales, the results reflect on the status of various water 

resources available. The paper also suggests that dry and wet spells can occur simultaneously or 

consequently leading to extreme drought and flood events in succession. Biennial or quadrennial 

assessment of dry wet conditions also reflects on the various elements that are the main cause of drought 

or flood event across the area. 

In addition, the impact of temperature on the variability of dry and wet conditions across Chennai was 

also assessed. It is anticipated that the annual temperature will increase continuously as a consequence 

of global warming and hence integration of temperature and precipitation to assess the dry and wet 

conditions over an area will produce better results. The study also provides a breakthrough for future 

climatic studies to better manage the water resources in Chennai which experiences various forms of 

droughts and floods every year.   
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Abstract 

Soil water content is an essential variable in irrigation, crop water requirement, and flood inundation modelling. 

It controls the proportion of rainfall that infiltrates into the soil and causes runoff over the land surface. 

Experimental methods and empirical models to develop soil water retention curve and to predict soil water 

content are in practice. In the present work, soil samples from fourteen locations of lower Kosi basin, India have 

been collected and soil water retention curve (SWRC) along with field capacity and wilting point has been 

derived. Ten commonly used equations-based transfer function (TF) have been tested for their applicability to 

simulate SWRC and obtain field capacity as well as wilting point using air entry pressure, residual water 

content, saturated water content, pore size distribution index, and various coefficients. The performance of all 

the ten TF equations has been evaluated using, root mean square error (RMSE), mean absolute error (MAE) and 

linear correlation coefficient (r). The equation developed by van Genuchten (1980) showed best results. 

Moreover, a refined model based on non-linear Log-normal distribution has been developed using the properties 

of soil in terms of porosity in addition to other variables used earlier. The use of physical properties in all TF 

function are omitted. The refined model minimizes error estimates and improves correlation between observed 

and computed soil water content. 

Keywords: Field capacity; flood inundation; soil water content; wilting point 

1. Introduction

Soil water retention Curve (SWRC) data of sandy-loam soils of Kosi basin in India are very sparse 

and the decisions suffer from broad approximations in the absence of adequate data. In addition, 

inevitable expenses and manpower are involved in acquiring the soil water content in the soil at field 

capacity, wilting point, and other moisture conditions. 

In literature, many functions and models to describe SWRC are being used. The indirect estimation of 

soil hydraulic properties using SWRC as an alternative to direct estimation is one of the most widely 

used research topics (Saxton et al., 1986; Williams et al., 1992; Rawls et al., 1982; Rawls et al., 1998; 

Pachepsky and Rawls, 1999; Mayr and Jarvis 1999; Nemes et al. 2001; Saxton and Willey, 1999, 

2004, 2006). Using transfer function (TF) to obtain the SWRC empirically to the properties of interest 

are the most preferred method of developing rules. The TF could be built to predict a point of interest 

on the SWRC curve like field capacity (FC-soil water retained at -33 kPa) or permanent wilting point 

(WP-soil water retained at -1,500 kPa) or to predict the full SWRC curve. In many applications, FC 

and WP are adequate enough to facilitate analysis and decision making. Since soil water retention in 

different ranges of soil water potential is affected by different basic soil properties, the FC and WP are 

expected to perform with better accuracy than SWRC. However, SWRC offers an advantage of 

continuous simulations (soil water retention at any level of potential can be predicted) and facilitating 

prediction of hydraulic conductivity at varied soil moisture levels. 

Currently available estimating methods have proven difficult to assemble and apply over a broad 

range of soil types and moisture regimes. In fact, the TF models do not consider the properties of soil 

such as bulk density and porosity in the analysis, which are essential variables to define soil water 

content of the region. Keeping this in view, the objectives of this study is to derive soil water retention 

curve along with the estimation of field capacity and wilting points using ten commonly used 

equations and by evolving refined non-linear regression equation based on Log-normal distribution 

for all the sampling locations of lower Kosi basin to minimize the error. 
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2. Study Area

The Kosi basin is an important sub-basin of the River Ganga (Figure 1). Upper catchment of the basin 

lies in Nepal and Tibet at great heights of the Himalayan range. The total drainage area of the Kosi 

River is 74,030 km
2
 out of which 11,410 km

2
 lies in India and the rest 62,620 km

2
 lies in Tibet and 

Nepal (FMIS, 2013). The topography of the basin is very steep in upper reaches and mild in lower 

reaches. The location of the basin lies between 85°22’19’’- 88°55’44’ East and 25°20’30’’- 

29°07’48’’ North. The soils in the lower Kosi basin is viewed as a large inland delta formed by the 

huge sandy deposit of the rivers. Disturbed and undisturbed soil core samples have been collected 

from 14 different locations of the Kosi floodplain (at the depth of 50cm). The bulk density, particle 

size distribution, specific gravity, porosity, organic carbon, and water content at different pressures 

were calculated in the laboratory. 

Figure 1 Location map of Kosi river basin situated in Tibet, Nepal, and India 

3. Methodology

3.1 Laboratory analysis 

Soil water content at -33, -100, -500 and -1500 k-Pa has been measured using pressure plate apparatus 

(IS 14765: 2000) method. Soil samples passing through 2 mm sieve were taken for analysis. Soil 

samples were poured in the rubber ring and samples were allowed to saturate for 20 hours in the 

presence of free water. After this period, excess water was removed from the ceramic plate. Desired 

pressure was set slowly. At this point, water started flowing out of the outlet tube and continued to 

flow till equilibrium was reached inside the extractor. After the equilibrium was attained, the samples 

were removed and transferred immediately to the moisture boxes. The moisture boxes containing soil 

samples were weighed in the balance and fresh weight was recorded. The moisture boxes were put in 

the drying oven at 105 OC for 24 hours to determine the gravimetric water content. To determine the 

volumetric water content for each case, gravimetric water content was multiplied by corresponding 

bulk density. The procedure was repeated for determining water retention at other equilibrium 

pressures (-33, -100, -500, and -1500 k-Pa) to construct the curve over the entire soil moisture range.  

3.2 Transfer Function Models for Soil-Water Retention 

A large number of transfer functions (TF) have been proposed over the years to mathematically 

represent the SWRC across the complete range of soil water contents. Some of these functions are 

new, while others are extensions of existing models (Table 1). The parameters for these equations are 

calibrated by linear regression of experimental data. 
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Table 1 Functions to Describe SWRC and Calibrated Parameters 

Where, θ is water content (m
3
/m

3
) at pressure (h); θs is maximum water content (m

3
/m

3
); θr is residual

water content (m
3
/m

3
); hb is air entry pressure head (kPa); λ is pore size distribution index; α is related

to the inverse of the air entry suction (1/kPa); a, b, m, n, β, and   are empirical parameters. All the 

equation are used in the present work to test their applicability in lower Kosi basin. 

3.3 Refined Non-Linear Regression Equations 

It has been observed that the soil properties namely particle size distribution, bulk density, and 

porosity are not considered in equations (1) to (10) shown above. In fact, all these parameters define 

the soil water content of the basin and are static in nature. Keeping this in view, three nonlinear 

regression equations have been tested for their applicability using particle size distribution, bulk 

density, porosity, and pressure head as inputs. The equations are: 

Log normal distribution 

       (11) 

where, y is field capacity/wilting point, x1 and x2 are independent variables (sand, silt, clay, bulk 

density and organic matter) and a, b, c, d and e are coefficients. 

Power model 

    (12) 

Linear logarithmic 

    (13) 

4. Results and Discussions

4.1 Experimental analysis 

In the analysis, soil physical properties are determined in the laboratory (Figure 2).  It has been 

observed that the lower Kosi basin is dominated by Sandy-loam soil. The porosity ranges between 30 

to 50 % and the bulk density is found to vary from 1.41 to 1.70 g/cc. A relationship between porosity 

of various soil samples of the study area and their particle size has been developed (Figure 3) for the 

better understanding of the soil water content in the study area. Porosity shows very good positive 

correlation with silty soil in comparison to sandy soil. However, Porosity shows good correlation with 
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the clayey soil of the study area. It has been observed that the organic matter ranges between 0.23-

0.81 %, which is very less and does not have any significant effect of soils hydraulic property. 

Figure 2 Soil Properties of Lower Kosi basin 

Figure 3 Porosity in relation to particle size 

Figure 4 illustrates the soil water content at the different pressure (suction) analyzed and tested in the 

laboratory, which includes Field capacity (-33kPa) and Wilting point (-1500 kPa) too. The 

experiments are done the Geotechnical laboratory of the Institute. The minimum value of Wilting 

point (-1500 k-Pa) is observed at Jadia (0.0667) and Maximum value at Supaul (0.1473). Similarly, 

the minimum value of Field capacity (-33 k-Pa) is observed at Pipra (0.2339) and Maximum values is 

found at Supaul (0.6458). The saturated soil moisture is found minimum at Pipra (0.4964) and 

maximum at Supaul (0.7736). Finally, Supaul is found to have highest the moisture content. 

Now, Figure 5, is delineated to look for the correlation between Porosity and Pressure (suction) 

values. A linear relationship is observed between porosity and different pressure (suction) values. 

However, they vary in magnitude i.e. Wilting point (-1500 k-Pa) has lowest magnitude correlation 

with porosity and Field capacity (-33 k-Pa) has higher magnitude correlation with porosity, and so on. 
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Figure 4 Soil water content at different pressure in lower Kosi basin 

Figure 5 Porosity versus Pressure (suction) 

4.2 Transfer Function Models for Soil-Water Retention 

The performance of Ten commonly used transfer functions have been evaluated and SWRC has been 

developed (Figure 6). Interestingly, the results obtained using Exponential, Power function, Libardi 

(1979) and Simmon (1979) shows constant values and does not indicate any correlation with the 

observed one. These TR models are not considered for further analysis. 
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(a)     (b) 

(c)     (d) 

(d)                                                                        (f) 

Figure 6 SWRC derived from different Transfer Function models 

A comparison has been done between observed and estimated SWRC as shown in Figure 7. As 

discussed earlier, the results obtained using Exponential, Power function, Libardi (1979) and Simmon 

(1979) does not indicate any correlation with the observed one. To test the validity of these TF 

models, the error statistics have been estimated. Figure 8 illustrates the linear correlation coefficient, 

RMSE and mean absolute error of different methods. The results substantiate that the transfer function 

developed by Van Genuchten (1980) shows minimum error and better results. 
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Figure 7 Comparison of soil water content obtained using different Transfer Function with observed 

values 

(a)     (b) 

(c)                                                                        (d) 

Figure 8 Error statistics and Correlation coefficients of different Transfer functions 

4.3 Refined Non-Linear Regression Equations 

In addition to the above Transfer Function models, three non-linear regression equations are used in 

the present work.  It has been observed that the soil properties namely particle size distribution, bulk 

density, and porosity are not considered in previous models. However, those TF models use air entry 

pressure, residual water level, saturated water level, pore distribution index and various coefficients. 

As shown in Figure 3, porosity represents soil properties and have good linear correlations with 

pressure (suction) values too (Figure 5). Three non-linear regression equations based on Pressure 

(suction) and Porosity data as inputs have been considered for the developing SWRC as shown in 

Figure 9. The SWRC derived from all the three refined equations are shown in Figure 10. 
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Figure 9 Input data used in refined non-linear regression models 

(a)     (b) 

(c)                                                                        (d) 

Figure 10 Input Refined non-linear regression models 

Now, the results obtained using refined models have been compared with observed one (Figure 11) 

and the results obtained using non-linear Log-normal distribution model show the best correlation 

with the observed values. The refined model developed using Log-normal distribution shows best 

results with minimized RMSE, MAE and high correlation coefficient (0.93). 
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(a) 

(b)                                                                        (c) 

Figure 11 Non-linear models with Porosity as input Vs Observed values 

5. Conclusions

In Lower Kosi basin, it is difficult to measure soil water content of sandy loam soil due to inevitable 

expenses, manpower and difficulty to approach the region. The use of Transfer Functions as indirect 

estimation of soil hydraulic properties as an alternative to direct estimation is found to be one of the 

most widely used research topics in recent past. Ten most commonly used methods have been tested 

for their applicability in lower Kosi basin, India. The Transfer function developed by van Genuchten 

(1980) showed better results in comparison to other models. However, a refined non-linear model 

based on the Log-normal function provided best results. In fact, porosity, which defines the soil 

properties have been used as input in the model in addition to other parameters. Porosity was not 

considered in any of the studies earlier and the results obtained using refined model (log-normal) are 

very promising. In addition, the Field capacity and Wilting point obtained using Log-normal model 

delivered very good results with r
2
 values close to 1. 
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Abstract 

This paper describes the canopy interception of rainfall during the monsoon season. Field measurements were 
carried out using fifteen funnel type ordinary rain gauges in an area of 30m x 30m to measure the throughfall. 

Rain gauges were placed at different locations to account for variability of vegetation thickness (Leaf Area 

Index). Throughfall measurements were compared with Gross rainfall measurements made at an open space 

near to the plot. The results showed that thicker canopies intercept more water whereas at the edges of the plants 

interception is less. The average throughfall to gross rainfall ratios varied from 0.36 to 1.06 for different 

raingauges and the overall average of the ratios for the season was found to be 0.82. From the study it can be 

concluded that evaporation losses due to interception forms the major loss of the water balance. 

Keywords: Interception, Evaporation loss, Throughfall, Agrarian forest. 

1. Introduction

The vegetation of the western ghats region in southern India are characterised by dense forest 

canopies supplied with abundant rainfalls during the monsoon season. The annual rainfall ranges from 
1500mm to 8000mm. The monsoon rainfall occurs mainly during the month of June to September as 

south western monsoon and more than 80% of the annual rainfall occurs during this time. The 

hydrological processes in these regions mainly consist of high infiltration rates and subsurface flow 
and delayed flow. Rainfall being the major input in the water balance in the areas of thick vegetation 

they are often ignored  in the water balance neglecting the losses. Forest catchment evaporates more 

water due to thicker canopies and not all the rainfall reaches the ground. The canopy holds large 

amount of incoming rainfall and eventually allows the water to evaporate back into the atmosphere. 

Interception is the major loss in the forested catchments than other types of catchments 

(Calder et al. 1977). More intense studies related interception were carried out using the 

physically based models namely Rutter et la. (1971) and Gash (1979). Interception studies have 

been carried out for variety of vegetation types, however there have been relatively few studies related 
to interception loss from the forests of western ghats and particularly in the coffee plantation regions 

of the western ghats. 

2. Study Area

The experimental setup described in this paper was conducted in the Central Coffee Research 
Institute, Balehonnuru in the state of Karnataka of Southern India. The study area is located at 

13°22’N, 75°28’E at an elevation of 900m from mean sea level. The area of the watershed is 120 

hectares. The average annual rainfall of the region is 2589mm. Most of the rainfall occurs during the 
monsoon season from June to September and reduces during post-monsoon, from October to 

November. Few spells of convective rainfall occurs during the non - monsoon season. Winter occurs 

from December to February followed by summer, or pre-monsoon, from March to May. The mean 

maximum and minimum temperatures are 27.5°C and 16.5°C. The catchment consists of sandy clay 
loam soil with infiltration rates of 10cm/hr. Coffee, Black Pepper (Piper nigrum) and Arecanut (Areca 

catechu) are the dominant crops in the region. Since few centuries coffee plantation have been the 

most common plantation type in the southern region of western ghats and in many places the forested 
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trees are undisturbed and the forest floor is cultivated with the coffee plantation. Forest trees protect 

the coffee plants from the high intensity solar radiation. 

Figure 1: Location map of study area 

3. Materials & Methods

In this section, a brief description of the plantation pattern and the experimental setup has been 

presented. The forest trees and Coffee plants form two different canopies. The grown up plants covers 

most of the forest floor and forms another thicker canopy along with the upper forest canopy. Two 
types of coffee plants namely coffee Arabica and Coffee robusta are grown in the region. Around 

2500 arabica plants and 1300 robusta plants are cultivated per hectare. The pattern of plantation is 

presented in figure 2. The plants spread in conical to nearly semi- circular shape and they are planted 

in equal distances to form square or rectangular shape of planting patterns. Nearly conical shaped 
shrubs planted at regular distances often form the free space between them. The rain gauges were 

placed on these open spaces, below the coffee plants and under the shading trees to capture the 

variability in interception within the plot. Placing rain gauges at these different locations capture 
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maximum variability in rainfall interception within the plot. The present study of rainfall interception 

was conducted in the robusta plantation in a study site of size 30m x 30m. Throughfall (TF) and stem 

flow has been measured for 63 daily rainfall events, for coffee under forest trees. Sixteen funnel type 
rain gauges are used for a study plot of 30 m X 30 m along with two telemetric rain gauges to capture 

the intensity of the TF. One rain gauge is installed above the representative coffee plants (under 

canopy) and the remaining gauges at the ground in the open area to account for the TF from the upper 
canopy. One telemetric raingauge was used to measure the gross rainfall outside the interception 

monitoring site. The layout of the rain gauges set up is presented in figure 3 

A portion of incoming rainfall that is intercepted, contained and evaporated from the leaves and stem 

of vegetation is called as rainfall interception loss. Excess rainfall passing through the canopy after 

canopy storage reaching the ground is called as TF. Gross rainfall is the precipitation that is falling 

over the canopy without any obstructions. Gross rainfall (GRF) is measured by placing the rain gauge 
above the canopy on a tower. But it is often expensive to set up a tower; therefore it is measures on 

the ground in a clearing or an open space near to the interception measurement site. The fraction of 

TF to the GRF represents the amount of precipitation intercepted by the vegetation. The overall 
average of the ratios will give the average interception in the annual water balance rates. Stemflow is 

the sheet of water flowing over the surface of the tree stem and then finally reaching the ground. 

Stemflow is measured using a semi-circular pipe wrapped around the stem of the tree which 
channelizes the water flowing over the tree to the container. In the process water is evaporated from 

the stem and some of the small intensity stemflow will not reach the ground surface. The sum of leaf 

interception loss and stemflow gives the total canopy interception loss from the GRF.  The 

interception equation is given by 

I=P-SF-TF 

Where I is the interception, P is gross precipitation, TF is the throughfall and SF is the streamflow. 

Since the raingauge measures TF only at a point, Catch drains are used to measure the TF along a unit 
area of short length. TF from the catch drain are collected in a container and measured. The 

meteorological station is situated at a distance of 400mts from the interception measurement site.  

TF passing through the two canopies namely shading tree and the under shade coffee plant canopy 
was measured using fifteen funnel type ordinary rain gauges under the vegetation at an area of 30m x 

30m. The gross rainfall is measured outside the through fall measuring area in an open space at a 

distance of about 50m from the site. Rain gauges are placed at different locations within the area to 
catch the rainfall in different conditions. The description of the location of each rain gauge is given in 

table 1. Through fall was measured for 61 days in the monsoon season. Each day rainfall is taken as 

an event of rainfall and the through fall is measured daily at 9AM.  
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Figure 2: Plantation pattern of coffee plants 

Figure 3: Layout of the rainfall interception site 

4. Results and Discussion

From the analysis of the measurements it was observed that highest interception loss for the study plot 
was 64% with GRF to TF ratio of 0.36. At this point the rain gauge was placed below the combination 

of thick forest tree and coffee plant canopy. At this point much of the rainfall is intercepted from the 

1228



leaves of the two canopies. TF for all intensities of rainfall was lesser at this rain gauge. It is obvious 

that rainfall passing through the two thick canopies intercept large amount of water and does not 

allow the water to pass through it. Out of 2126mm of GRF only 756mm of rainfall was allowed to 
pass through it. Table 1 shows the amount of rainfall passing through different rain gauges placed at 

different locations of the study plot of 30m x 30m. TF depths of other locations are variability can be 

observed in table 1.  The ratios slightly more than one indicates the TF is slightly more than the gross 
rainfall. This is reported in many literatures and might be due to the channel action of the cluster of 

leaves that fall I mm of GRF only into the rain gauge. The overall average of TF is 82% which 

indicates that the amount of rainfall interception is 18%. The overall ratios lie below and near to one 
indicates that TF values are near to the gross rainfall values. It can be observed in figure 4. That, the 

daily rainfall event 14 to 26 shows lower values of ratios and their corresponding lowers depths of 

rainfall events. This indicates that interception losses are more for small rainfall depths. Similarly 

lower interception losses can be observed for higher rainfall depths.    

Table 1: Throughfall to gross rainfall ratios along with overall rainfall depths 

RG. No 1 2 3 4 5 6 7 8 

Avg.TF 0.75 0.96 0.53 0.83 1.02 0.36 0.96 1 

RF(mm) 1586.4 2038.9 1133.4 1756.1 2172.9 756 2034.6 2135.2 

RG. No 9 10 11 12 13 14 15 16 

Avg.TF 0.6 0.99 1.06 0.88 0.69 0.74 0.94 Avg=0.82 

RF(mm) 1282.7 2101.3 2245.6 1872.2 1472.2 1565.9 1990.1 GRF=2126 
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Highlights 

 Quantifying the precipitation-recharge relationship utilizing abcd water balance

model.

 The study is conducted over 5 catchments in Madhya Pradesh

 Assessment of resilience of groundwater system is carried out using principal of

critical slowing down.

Abstract 

Groundwater is the water stored beneath Earth's surface in soil and porous rock aquifers. It 

accounts for as much as 33% of total water withdrawals worldwide. Over two billion people 

rely on groundwater as their primary water source, while half or more of the irrigation water 

used to grow the world's food is supplied from underground sources. Thus, it is important to 

understand the response of groundwater system under the changing climate.In the present 

study, we aim to attempt to understand the precipitation- recharge relationships (groundwater 

sensitivity) with the application of abcd water balance model in five catchments, lying in 

Madhya Pradesh. Here, a modern approach NSE and its components (Bias, variability) is 

used to evaluate the performance of hydrological model. Further, based upon the performance 

of the catchments quantification of groundwater sensitivity i.e. change in groundwater 

recharge with change in precipitation and resilience i.e. to explore the changes in 

groundwater resilience is carried out.The results of the study found that 4 out of 5 catchments 

performed well on the evaluation criteria and further these catchments are used for the 

evaluation of groundwater sensitivity and groundwater resilience. The mean groundwater 

sensitivity ranges from 0.20 to 1.4. And,the catchments Mataji, Gadarwara, Mohgaon show a 

decreasing trend in groundwater sensitivity while Kagaon encompass an increasing trend for 

the period 1989-2011.Moreover, the mean resilience index ranges from 1.7 to 3.2 during 

1993-2007, where Gadarwara and Kagaon show a significantly decreasing trend. The 

potential resilience of groundwater to climate variability in these catchments that is revealed 

by these precipitation–recharge relationships is essential for informing reliable predictions of 

climate-change impacts and adaptation strategies. 
Key words:  Groundwater; Resilience; Critical slowing down theory; hydrological model 
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1. Introduction

Groundwater plays an important role in the hydrological cycle and is a precious natural 

resource fulfilling essential water requirements for agriculture, industrial and domestic sector. 

Groundwater plays a key role in the global hydro-climatic system pertaining to its high 

quality, extensive availability and ability to buffer the impact of occasional droughts and 

uncertain climatic disturbances. In contrast, groundwater remains one of the least understood 

components of hydrological cycle and in comparison, to surface water, very less is known 

about how the groundwater availability might be affected under the varying climate. The 

irony of groundwater is that despite its critical importance to global water supplies, it attracts 

insufficient management attention relative to more visible surface water supplies in rivers and 

reservoirs. Rapid, unchecked population growth and rising quality of life, along with 

increasing demand for food and energy, all contribute to far greater levels of stress on limited 

groundwater resources (3 references). In many regions around the world, groundwater is 

often poorly monitored and managed (Famiglietti, 2014). India being a global leader in 

groundwater-fed agriculture with the highest non-renewable abstraction (68 km
3 

yr
-1

) in the

world. 70 % of the food grain production is irrigation dependent (Gandhi and Namboodiri, 

2009) where groundwater play a dominant role leading to increment in groundwater 

abstraction from 10-20 km
3 

yr
-1 

in 1950 to 240-260 km
3 

yr
-1

 in 2009 (Shah, 2009). Therefore,

groundwater resource quantification is a solemn issue in the densely populated regions of the 

globe, where it is a challenging task to provide adequate amount of water to every citizen in 

present and future. Thus, it is important to understand the variability of groundwater with 

different climatic factors (Precipitaion, Temperature and others) to evaluate the degree of risk 

of groundwater scarcity under the changing climate. In the present study, we evaluate 

precipitation-recharge relationships (groundwater sensitivity) using abcd water balance 

model. A modern approach is followed to evaluate model performance based upon NSE and 

its components (Bias, Variability). Further, the assessment of resilience of groundwater is 

carried out using principle of critical slowing down and convex model. This valuable 

information has the potential to  evaluate future climatic impact and can be incorporated into 

formulation of groundwater policies and strategies. 

2. Methodology

2.1 Study Area and Data 

In this study, five catchments have been taken into consideration from 2 river basins (four in 

Narmada river basin and one in Mahi river basin) lying in Madhya Pradesh, defined 

according to the report “Watershed Atlas of India” of India-WRIS (Water Resources 

Information System) are selected (Fig. 1). Daily observed runoff data of 5 catchments during 

1988–2011 are taken from India-WRIS WebGIS (Water Resources Information System) 

portal (http://www.india-wris.nrsc.gov.in/), which provides discharge dataset from Central 

Water Commission (CWC), Ministry of Water Resources, Govt. of India, New Delhi(India-

WRIS, 2014). The daily precipitation data are obtained from Indian Meteorological 

Department (IMD) (Pai et al., 2014)for the period from 1988 to 2011 at high spatial 

resolution (0.25° × 0.25°). PET data was obtained from Climatic Research Unit (CRU) Time-

series (TS) data version 4.01 data. CRU TS v. 4.01 provides gridded month-by-month 

variations in climate over the period 1901–2016 at high-resolution (0.5 × 0.5 degree) grids 

(Harris et al., 2014). The dataset was produced using angular-distance weighting (ADW) 

interpolation. PET is calculated using a variant of the Penman–Monteith formula 

(http://www.fao.org/docrep/X0490E/x0490e06.htm), which takes into account different 
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climatic variables such as mean temperature, maximum and minimum temperatures, vapour 

pressure, cloud cover and wind speed (Harris et al., 2014). 

Table. 1: Annual mean of hydroclimatic variables (Precipitation (  ), Potential 

Evapotranspiration (       ) and Discharge (  )) and area of catchments 

ID River basin Catchment 

Area 

(Km2) 

 (mm) 

(mm) 

 (mm) 

1 Mahi Mataji 3968.57 960.35 1824.28 345.75 

2 

Narmada 

Gadarwara 2212.96 1126.07 1555.05 645.03 

3 Kogaon 3887.82 792.41 1807.18 303.42 

4 Mohgaon 4017.72 1209.5 1507.03 598.18 

5 Patan 4038.5 1247.06 1490.88 425.3 

Fig.1. Study area (background map show river basin wise map of Madhya Pradesh) 

2.2 “abcd” Model Hypothesis 

The abcd model is a nonlinear water balance model which accepts precipitation and potential 

evaporation as input, producing streamflow as output. The abcd model was originally 

introduced by (Thomas Jr, 1981) at an annual time step and later recommended by others at a 

monthly time step (Alley, 1984; Fernandez et al., 2000). The abcd model defines two state 

variables,   , termed ‘‘available water,’’ and   , which we term ‘‘evapotranspiration 

opportunity.’’ Available water is defined as  

Wt = Pt + St-1

Narmada 
basin

Mahi 
basin

Tapi basin

Godavari 
basin

Ganga basin
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where    is precipitation during period t and      is soil moisture storage at the beginning of 

period t. Evapotranspiration opportunity is maximum water that can leave the basin as 

evapotranspiration at any given time t and is defined as 

where Et  represents actual evaporation during period t and St  represents soil moisture storage

at the end of period t. 

Fig. 2 Conceptual Framework of abcd model 

Table. 2 Equations of abcd model 

The abcd model has four parameters a, b, c, and d each having a physical interpretation. The 

parameter a (0 ≤ a ≤ 1) reflects the ‘‘propensity of runoff to occur before the soil is fully 

saturated’’ (Thomas Jr, 1981). The parameter b is an upper limit on the sum of 

evapotranspiration and soil moisture storage. The parameter c is equal to the fraction of 

streamflow, which arises from groundwater, so that it is equivalent to the base flow. The 

reciprocal of the parameter d is equal to the groundwater residence time. See (Thomas Jr, 

1981) for further details on abcd water balance model. 

Yt = Et + St
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2.3 Groundwater Sensitivity 

Groundwater sensitivity (GWS) demonstrates the amount of the effect of change in 

precipitation on groundwater recharge. GWS has been evaluated by adopting the method 

employed by (Sankarasubramanian and Vogel, 2002) using the following equation: 

2.4 Calibration 

To characterize the hydroclimatic locations and conditions under which the abcd model 

hypotheses is (and is not) adequate, we calibrate the model to match the 1989–2004 period 

input output behaviour at each catchment, via conventional single‐criterion optimization 

(parameter estimation). Here, we use an extensively used criterion (goodness of fit measure) 

i.e. NSE to quantify the similarity between simulated discharge and observed

discharge(Gupta et al., 2009). In addition, monte carlo method is employed to carry out the

simulations.

Table. 3 Parameter range for calibration of model 

Parameter Range Reference 

a [0,1] Thomas Jr, 1981 

b (mm) [0, 4000] Alley, 1984; Vandewiele and Xu, 1992; Martinez and Gupta, 2010 

c [0,1] Thomas Jr, 1981 

d [0,1] Thomas Jr, 1981 

2.5 Resilience Index 

The catchment resilience is evaluated using a resilience index by the application of a convex 

model using the principle of critical slowing down. We have adopted this methodology to 

calculate catchment resilience from (Qi et al., 2016), where resilience index (pi) is based upon 

the temporal changes in the state variable. Here, we use annual discharge for the catchment as 

the state variable to evaluate a time series of resilience index for understanding the temporal 

changes in resilience over the study period. The resilience of the system at time i was 

reflected by the differences in    and its neighboring points was the number of neighboring 

points                                          ) considered. Larger differences 

corresponded to a higher resilience. Thus, we proposed an indicator pi to count the number of 

adjacent points with a strong deviation from xi, and this value reflects the resilience of a 

system at time i. In the present study value n is taken as 4, and   = 0.75, for further details 

refer (Qi et al., 2016). 
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where,   is threshold limit; Xmax and Xmin represent the maximum and minimum of state

variable (x), pi  resilience indicator for time i.

3. Results and Discussion

3.1 Model Performance 

For an initial evaluation of model calibration results we examine the NSE statistic of 

similarity between simulated and observed flows (NSE = 1 – MSE/  
  where   

  is variance 

of the observed monthly flows and MSE is mean squared error). Although the NSE has 

inherent limitations (Schaefli and Gupta, 2007), it is the criterion most commonly used and 

therefore allows relative comparison with other studies. The overall performance is based 

upon  NSE, bias error and variability error. Here we use bias error/water balance error 

((μs − μq)/μq = ∆μ /μq), which is the difference between mean simulated discharge and

mean observed discharge normalized by mean observed discharge, and variability error 

which addresses the underestimation of variability in flows is defined as the ratio of 

difference of standard deviation for time series of simulated discharge and observed 

discharge normalized by standard deviation for observed discharge ( ((𝜎s − 𝜎q)/𝜎q = ∆𝜎 /
𝜎q). The threshold for NSE (calibration),bias error, variability error and NSE (validation) is

taken as ≥ 0.60, ± 30%, ± 25% and ≥ 0.60.  

Table. 4 Performance evaluation of abcd model 

SN Catchment Calibration 

(1989-2004) 
Validation 

(2005-2011) 
Overall 

performance 

NSE 

(≥ 0.60) 
Bias 

(± 30%) 
Variability 

(± 25%) 
NSE 

(≥ 0.45) 

1 Mataji 0.85 23.71 -6.34 0.75 Good 

2 Gadarwara 0.88 0.62 -14.84 0.66 Good 

3 Kagaon 0.81 0.65 -20.52 0.62 Good 

4 Mohgaon 0.65 16.77 -17.42 0.72 Good 

5 Patan 0.92 30.81 0.87 0.83 Bad 
Note: Thresholds are within the brackets

Table 4 and Fig. 3 summarizes the results of the performance evaluation of abcd model and it 

is found that 4 (Mataji, Gadarwara, Kagaon and Mohgaon) out 5 catchments performed well 

in overall criteria. In addition, model simulated soil moisture and soil moisture obtained from 

GLDAS-NOAH output (upto 100 cm) show a excellent correlation (Fig. 4), which further 

strengthens the validity of the model in these 4 catchments. Further, these catchments are 

selected for the assessment of groundwater sensitivity and resilience of groundwater. 
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Fig. 3: Observed discharge and simulated discharge from abcd model (1989-2011) 

Mataji 

Gadarwara 

Kagaon 

Mohgaon 

Patan 

NSE= 0.79

NSE= 0.81

NSE= 0.78

NSE= 0.67

NSE= 0.89
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Fig. 4 Simulated Soil Moisture (abcd model) and satellite Soil Moisture (GLDAS-NOAH) 

during (1989-2011) 

3.2 Groundwater sensitivity 

Groundwater sensitivity demonstrates the amount of the effect of change in precipitation on 

groundwater recharge. Here, we have evaluated groundwater sensitivity for the selected 

catchments (Mataji, Gadarwara, Kagaon and Mohgaon), since the results for other 

catchments cannot be validated due to their low performance in evaluation as discussed 

above. The evaluation of groundwater sensitivity monthly time series is carried out as 

illustrated in methodology section, and further a trend analysis of the same is done by Mann 

Kendall test and Sen’s slope method. The mean groundwater sensitivity ranges from 0.20 to 

1.4 and range of variability (coefficient of variation) is 0.089-0.763. And, the catchments 

Mataji, Gadarwara, Mohgaon show a decreasing trend in groundwater sensitivity while 

Kagaon encompass an increasing trend for the period 1989-2011. It has been found that the 

catchments encompassing higher groundwater sensitivity tend to have higher coefficient of 

variation, which depicts the vulnerability of these catchments towards climatic variability and 

disturbances. 

R
2 

= 0.93 

R
2 

= 0.90 R
2 

= 0.92 

R
2 

= 0.92 

Mataji Gadarwara 

Kagaon Mohgaon 
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Table. 5: Annual mean, Coefficient of Variation (CoV), Z-statistics from Mann Kendall test 

and   Sen’s slope for Groundwater Sensitivity 

 Catchment Annual Mean CoV Z β (/year) 

Mataji 1.217 0.763 -0.528 -0.009

Gadarwara 0.258 0.133 -0.634 -0.002

Kagaon 0.2 0.089 0.528 0.002 

Mohgaon 1.431 0.567 -0.211 -0.006

3.4 Resilience Index 

As discussed in methodology section, in this study we use a resilience indicator (resilience 

index) to show the resilience changes at a temporal scale based upon convex model and 

principle of critical slowing down. Resilience index is evaluated for the selected 24 

catchments, while taking the groundwater sensitivity as the state variable.  

Table. 6: Annual mean, Coefficient of Variation (CoV), Z-statistics from Mann Kendall test 

and   Sen’s slope for resilience index. * indicate the 95% level of significance, respectively. 

Catchment Annual Mean CoV Z β (/year) 

Mataji 2.533 0.713 -0.049 0.000 

Gadarwara 1.733 1.163 -2.079* -0.143

Kagaon 3.600 0.417 2.227* 0.200 

Mohgaon 3.200 0.475 -1.782 -0.182

The results show that the mean resilience index ranges from 1.7 to 3.2 during 1993-2007 with 

a range of coefficient of variation from 0.41-1.163. And, Gadarwara and Kagaon catchment 

show a significantly decreasing trend with a rate of -0.143/year and -0.182/year, which 

implies that resilience of groundwater would significantly decreases in these catchments. 

Conclusion: 

In this study, we use NSE and its components to evaluate the performance of five catchments 

for abcd water balance model and further groundwater sensitivity has been evaluated for the 

selected catchments based on model parameters and potential evapotranspiration for the 

period (1989-2011). Additionally, we proposed a resilience indicator pi to reflect the 

temporal change in the resilience of river basins based on a convex model and on the 

principle of critical slowing down. This new approach can be used to predict critical 

transitions in a complex watershed system, especially when mechanistic insight is insufficient 

for reliable basin-scale climate, hydrological, and ecological models. The results of the study 

found that 4 out of 5 catchments performed well on the evaluation criteria and further these 

catchments are used for the evaluation of groundwater sensitivity and resilience of 

groundwater system. It was found that values of only NSE can be misleading in order to 

evaluate the performance of the model, and how bias and variability errors behave should be 

incorporate to get an improved evaluation method for water balance models. The mean 

groundwater sensitivity ranges from 0.20 to 1.4. And,the catchments Mataji, Gadarwara, 

Mohgaon show a decreasing trend in groundwater sensitivity while Kagaon encompass an 

increasing trend for the period 1989-2011.Moreover, the mean resilience index ranges from 

1.7 to 3.2 during 1993-2007, where Gadarwara and Kagaon show a significantly decreasing 

trend. The potential resilience of groundwater to climate variability in these catchments that 
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is revealed by these precipitation–recharge relationships is essential for informing reliable 

predictions of climate-change impacts and adaptation strategies. 
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Abstract 

Scouring can be defined as a process due to which the particles of the soil or rock around the periphery of the 

abutment or pier of the highway bridge spanning over a water body, get eroded and removed over a certain 

depth is called as scour depth. Scouring usually occurs when the velocity of the flowing water increases or 

crosses the limiting value that the soil particles can easily handle. In this paper clear-water scour and live-bed 

scour are studied. Clear-water scour occurs when bed material is not in motion while live-bed scour occurs 

where upstream shear stress is greater than threshold value and the bed material start moving. To model scour 

dept, many researchers have used regression analysis and various soft computing techniques such as ANN, 

ANFIS, GEP, etc.  This review paper is mainly focusing on GEP model and some important empirical models. 

To model scour depth various independent parameters like scour depth, mean sediment size, initial bed slope, 

sill spacing, pier width, flow depth, Froude number, pier diameter etc has been considered by many researcher. 

This paper suggests the main influencing parameters which are very essential to model the bridge pier scouring. 

Keywords: Scour depth; GEP, non-dimensional parameter; ANFIS; Froude number 

1. Introduction

Scouring is a process due to which soil or rock around the pier of the highway bridge spanning over 

the water body, gets eroded and then removed over a certain depths is called as scour depth. Local 

scour caused by the interference of the pier and the abutments with the stream flow and the Schematic 

of Local scour is shown in the Figure 1. Local scour is the sediment removed around the bridge 

foundations. It occurs because of velocity acceleration at bridge base due to contact between bridge 

sediments foundation and water. This contact result in the vortices cause scour hole around the bridge 

foundation as shown in Figure 2. Scour is mainly of two type clear water scour and live bed scour. 

Clear water scour occurs when bed material is not in the motion. Sediments transport into contracted 

section is zero. Clear water scour when the shear stress induced by water flow exceeds critical shear 

stress of the bed material. Live bed scour occurs where upstream shear stress is greater than threshold 

value and the bed material upstream of the crossing is moving. Scouring at bridge pier is one of the 

most complex phenomenon by which it is considered to be the major cause of bridge damaging. 

Estimation of scour depth is important for design of foundation for abutments or piers. Scouring 

compromises structure integrity and causes failure of structures. It is also estimated that over 60% of 

highway bridges are collapsed due to the scouring. In scour depth development flow velocity is an 

important factor because it direct influence on kinetic energy of the running water. Flow depth also 

affecting the development of the local scour depth it is examined by relating flow depth to pier width. 

The width of pier has the direct effect on depth of the scour. The ratio of the pier width to the channel 

width is a better measure of the scour potential than that of pier width alone. The soft computing 

techniques used in the previous research paper are gene expression program (GEP), artificial neural 

network (ANNs), multiple linear regression (MLR), Adaptive Network-based Fuzzy Inference System 

(ANFIS), linear regression (LR). For our research work we have selected GEP and ANFIS because 

from the literatures we have studied that ANFIS and GEP giving us the more accurate result as 

compared to the others model by most of the researchers. Gene expression programming is an 

evolutionary algorithm which creates computer program or models. These are complex tree structures 

that can learn and adapts by changing their size, shapes and compositions. Adaptive Network-based 

Fuzzy Inference system is a multilayer feed-forward network in this each node perform a particular 

function on the incoming signals and has a sets of parameter pertaining to the nodes. It consists of five 
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layers in the architectures: a fuzzify layer, a productive layer, a normalized layer, a defuzzifer layer, a 

total output layers.  

Figure 1 Schematic of Local scour [Yu, X. and Yu, X. 2010] 

Figure 2 Scour hole collected due to flow vortices [Deng, L., and Cai, C. 2010] 

2. Literature Review

2.1 Clear water scouring

Kumar et al., (1999) studies using rectangular slots and circular collars reduction of scour around 

circular bridge piers has beam carried for case of clear water flow over uniform sediment. For the case 

of the collar a working relationship has been developed for the equilibrium scour depth. At or near the 

bed the larger diameter collars are more effective. 

 Melville and Chiew (1999) spots under clear-water condition the equilibrium depth of scour at a 

bridge pier is approached asymptotically. Depending on the flow intensity scour depth after 10% of 

the times to equilibrium vary between about 50% and 80% of equilibrium depth. The equilibrium time 
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scale for the development of the clear-water local scour hole at the bridge pier is the function of the 

flow intensity, flow shallowness and the sediments coarseness. 

López et al., (2014) examines that mainly using numerical simulations and has been validates using 

the experimental data an expression has been obtained. The behaviours of an evolution of local scour 

depth under a stepwise hydrograph may be well depicted as the successions of local scour depth 

evolutions under the steady condition. 

Osroush et al., (2019) studied with an increase in the Froude number the Scour depth in the 

experiment with and without a slot was a functions of the flow Froude number and the depth and 

dimensions of the erosion hole around the abutment increased. The research conducted on bridge piers 

the result indicates that in reducing the scour depth and the slot closer to the beds shows a better 

performance in insertion of slots in abutments was more effectives. 

Singh et al., (2020b) by using experimental data to represent time-dependent scour depth a new 

relationship were derived. During the initiation of the scour rate of development of scour depth was 

rapid which decreases with time. It also found that the scour depth increased with the increase of 

contraction ratio. 

Yao et al., (2020) observed two local scour developments modes at the mudmat foundation were 

identifies across a range of aspects ratio and relative mudmat diameter tested. Scour times history at 

upstream edges of mudmat is closely related to the scour developments regimes. It is found that with 

increasing relative mudmat diameter the time delay and time-scale both increases. At the upstream 

sides of the mudmat the equilibrium scour depth is largest. 

2.2 Live bed scouring 

Li et al., (2016) observe maximum scour depth around sides-by sides twins piles group with the no 

separation can be nearly two times that of around a single pier. In spite of the different hydrodynamic 

loading condition and soil condition for side-by-side arrangement, there is a qualitative agreement 

between the present result and the result of the preceding studies. The pile group effect is obvious for 

G<3 and gradually vanishes for G>3. Pile spacing non-dimensionalized by pile diameter (G). 

Mohammad Shale et al., (2019) studies using dimensional analysis the most effective parameters on 

the scour depth prediction were determined. The performance of testing result of GEP models for both 

live bed and clear-water condition are compared with result obtained using new nonlinear regression 

models and previous empirical equation. The results indicates that for modeling the pier scour by the 

GEP for both live-bed and clear-water conditions the flow depth to pier diameter ratio was the most 

important parameters. 

Gowda et al., (1999) founds that on the left banks of the downstream pools of water between block 6 

and 8 the scouring to the depth of 2 to 4 m has been taken place. In restricted open water body the 

vertical array techniques of the seismic refractions profiling was successfully utilised in the solving of 

an engineering geology problems. Balchandra et al., (2000) studied that discharge and tail water 

condition tested result indicates the absence of an asymptotic bed profiles even after 96 hours of 

testing. When the state of equilibrium is not attained the proposed scaling laws are useful for 

predicting the tail water effects on the scour profile. Betweens the sands bed and the free surface 

shapes of the velocity distributions is complicated by the oscillations of the jets. Liriano and Day 

(2001) examined it is possible with a network using 1 hidden layer and two models have been 

compared. Both neural network models predicted scour downstream of pipe outlets more accurately 

than box outlets and further work is being undertaken to explore this. Lu et al., (2008) studies that to 

measures the total scour depth at the bridge piers the sliding magnetic collars and the steel rods is an 

useful instruments. For the flood events induced by Typhoons Mindulle and Dujuan the temporal 

variations of the total scour depth and scour depth components, including general scour, contraction 

scour, and local scour were simulated. According to the result for the peak flows more than 79% of 

total scour depth is attributes to the local scour. Only 5% of total scour depth is attributes to the 

contractions scour at the peak flow due to relatively wide span between the bridge piers. Moussa 

(2013) found as compared to other models like ANN and MLR the GEP models simulates the local 

scour depth downstream stilling basin effectively. The scour formed through the trapezoidal channel 

sections the GEP model is showing well the effects of the current deflector. Sheppard et al., found 

that the predictive method were founds to be improve in the accuracy over the year with those of 
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which developed in recent year demonstrating the best performance. The Sheppard/ Melville (S/M) 

methods were found to be more accurate of those were tested and is recommended for use in design 

Akib et al., (2014) spot that the experimental result shows that the scour depth increased as discharge, 

water levels, and velocity increased. As compared to LR the ANFIS model shows relatively higher 

accuracy and precisions. Comparisons of the performances of the strain in the scour depth in bridge 

predictions ability of the both ANFIS and LR for test data shows the ANFIS method is more accurate 

than the LR for the scour depth in the bridge predictions. Karimi et al., (2017) compare the result 

obtained from the test showed that the best piers performance in term of reduced scour depth was 

obtained at an inclination angle of 15º for a sandy bed. In all the applied flow rate to produce the least 

scour depth the 15º inclination angle on a sandy bed was observed. At a flow rate of 12 lit/s the best 

performance in terms of reduced scour depth was obtained. Elkiki (2018) search it is observes that the 

predicted scour depth of the GEP model was founds to be encouraging better than MLR model 

developed in the current study and better than the ANN model in terms of statistical measures. For 

both training and testing sets with relatively lower error and higher accuracy the testing achievement 

of proposed GEP models showed a very high performance. Chavan et al., (2018) studies the scour 

depth at the circular pier is found to be more than scour depth at the oblong pier. At the upstream of 

both pier, near the bed region a strong reversal flow have observes. The wake vortices at circular pier 

is stronger than the wake vortices at downstream of oblong piers. Reynolds shear stress at the 

upstream of the both piers is negative near the bed and decreases with the downward seepage. The 

turbulent kinetic energy is higher for the circular pier than that of the oblong pier. Lesser Strouhal 

number for the oblong pier indicates less capacity of the wake vortices at to scour the bed materials. 

Chavan and Kumar (2018) found that scour depth at upstream of piers is decreased with the 

application of downward seepage. The observe scour depth is compare with the scour depth predicted 

by various prediction method and it have been observe that available equation are not suitable for the 

seepage condition. A new empirical relationship is develop for prediction of scour depth with the 

inclusion of downward seepage in the form of seepage Reynolds number. Chavan et al., (2019) spots 

from the result that obtains from laboratory flume, the empirical relationship for the prediction of the 

scour hole characteristics like width, area, length and volume including downward seepage parameter 

in the term of seepage Reynolds number has developed. The laboratory flume is a distorted model of 

the river, the expression shows a good fit with the estimated value. Singh et al., (2020a) studied that 

among all of the method the use of triangular prismatic pier, splitter plate and permeable sheet pile 

seems to be more promising. These are cost effective and easy to install. These are able to change the 

flow field significantly and mitigate the scour. The combination of the devices do not necessarily 

produce the devices do not necessarily produce the better performance than that of the individual 

device. When mechanism of protection of one device supports the other then the better performance is 

observed. Combination of slots and collar plates can be an appropriate solution in eliminating local 

scour if it is well designed and constructed properly. Lade and Kumar (2020) found that an irregular 

mining pit were excavated upstream of pier at various distances to imitate in-stream channel mining. 

When the mining pit was dredged closest to the pier the maximum values of both the parameter were 

observed. We also observe that growth in the streambed instability with an increase in the flow 

Reynolds number. 

2.3 GEP Equations for bridge pier scouring 

Bridge pier scouring modeling has been done by many researchers using GEP technique. 

Azamathulla (2012) provided the equation (1), where the different non-dimensional parameters used 

are as  maximum depth of the scour hole at the equilibrium condition (ds), the governing parameters 

of flow and local scouring of bed sills include critical specific energy (Hs), mean sediment size (d50),

initial bed slope (S0), sill spacing (L) and  morphological jump (a). The proposed equation is found to 

be useful to estimate scour depth for mountain river for various bed slops. The GEP expression 

outperformed the existing models. The expression is found to be particularly suitable for bed slopes 

where predictions are very close to measured scour depth. The proposed GEP approach gives 

satisfactory results (R2 = 0.967 and RMSE = 0.088). 
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Khan et al., (2012) found equation (2), the different non-dimensional parameters used are as relative 

scour depth (ds/y), pier width (b), approaching flow depth (y), Froude number ( rF ). This validates the

promise of GEP as an effective modeling tool for applications in hydraulic modeling. GEP comes 

with the added advantage of providing a simple and easy to use empirical expression for the response 

function modeled. The GEP has the advantage that it results in an explicit and compact equation 

which can be used by engineers in bridge design. Statistical measures R2= 0.79 for training and 0.73 

for testing, AAE= 0.3273 for training and 0.2407 for testing and RMSE= 0.4130 for training and 

0.3674 for testing for GEP are superior to the regression models but slightly inferior to the ANN 

model. 
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Elkiki (2018) developed equation (3), the different non-dimensional parameters used are as 

downstream water depth (Hd.s), V-notch angle ( ), skewness angle of the weir in plan ( ). 

The predicted scour depth of GEP model was found to be encouraging better than MLR 

model developed in the current study and somewhat better than the ANN model in terms of 

statistical measures. The testing achievement of proposed GEP model showed a very high 

performance for both training and testing sets. For training RMSE= 0.028826, R2= 0.955074, 

MAE= 0.03954, MPE%= -0.21 and for testing RMSE= 0.041556, R2= 0.894229, MAE= 

0.055647, MPE%= 0.17. 
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Mohammed Saleh et al., (2019) provide equation (4), for live-bed condition and for clear-water 

condition the different non-dimensional parameters used are as pier diameter ( d ), flow intensity 

(/c), the geometric standard deviation of bed sediment ( g ).It indicates that the flow depth to pier

diameter ratio was the most important parameter for modeling pier scour by the GEP for both live-bed 

and clear-water conditions. GEP model predict the scour depth with low error and high accuracy than 

those perform using new regression model and previous empirical equations for live bed GEP model 

(RMSE= 0.09, MAE= 0.07, R2= 0.9) and for clear water GEP model (RMSE= 0.12, MAE= 0.08, R2= 

0.92). 
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2.4 Empirical equations to evaluate local pier scour 
Empirical equation provided by many researchers to evaluate local pier scour. Laursen (1958) provide 

the equation (5),  
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Shen et al., (1969) observed equation (6), 
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where, 

V1 - mean flow velocity,   − kinematic viscosity of water 

Coleman (1971) developed equation (7), 
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where, Vc – dependence of scour depth from the critical velocity. 

Jain and Fischer (1980) obtained equation (9), 
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where, Frc – critical Froude number. 
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where, a* - effective diameter of pier = Ksap, V1p1 and V1p2 - velocity used in computing live-bed peak 

velocity, Ks - shape factor, ap - projected width of the pier. For circular pier, Ks=1, and for rectangular 

piers 
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where, α- Flow skew angle in radian 

3. Conclusions

Scour is one of the important issues that engineers have to face at the various stage of the structure life 

during the design, operation and maintenance. Scour at the bridge pier is one of the main causes for 

the bridge failure. From the extensive literature survey on existing bridge pier scouring model, 

following conclusions are drawn: 

1) ANFIS method is more accurate and higher accuracy as compared to LR, MLR, for prediction of

scour depth in bridge pier.

2) GEP model simulates the local scour depth downstream stilling basin effectively as compared to

ANN and MLR.

3) ANFIS and GEP model provide more accurate result as compare to other models like MLR, ANN

and LR by most of the researcher. Among ANFIS and GEP sometime GEP provide better result for

some certain condition and sometime ANFIS provide better results. It is recommended that for

prediction of scour depth GEP and ANFIS model may be used.
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Abstract 

The protected and economic bridge design requires the accurate estimation of the maximum scour depth at 

bridge piers. Existing research to estimate the scour depth focused mainly on uniform piers having constant 

cross-sectional dimensions over the full length. Practically the piers are non-uniform, rested over a foundation 

that includes large footing or caisson. The scour depth equations derived for uniform piers can't be applied for 

non-uniform piers due to variations in the scour mechanism. Very few researchers studied the effect of footing 

on local scour at non-uniform piers and established empirical equations from limited experimental outcomes. 

Also, the IRC method often overpredicts the design scour depth on Indian rivers. Hence, this study focused on 

finding an alternative approach such as Artificial Neural Networks (ANN) as a reliable scour model to predict 

the maximum scour depth at non-uniform piers using experimental data from the literature under clear-water 

conditions. 

The ANN model with Feed Forward Back Propagation (FFBP) algorithm has been presented. The optimum 

network with the number of datasets, network architecture, and sensitivity analysis are assessed. The RMSE 

values are 0.3333 and 0.6254 during calibration and validation, respectively, and the corresponding R values are 

0.9863 and 0.9471. About 90% of the datasets are confined within the margin of ±25% error. It is found that the 

developed ANN model is performing well in predicting the maximum scour depth. This may be due to their 

predictive capability to deal with non-linearity in the scour process. Thus, the proposed ANN model has proven 

to predict the maximum scour depth around non-uniform piers with high accuracy. 

Keywords: Local scour; pier scour modeling; non-uniform piers; Artificial Neural Networks 

1. Introduction

Scour is a change in river bed elevation due to the eroding power of the natural streamflow, entraining 

and carrying away of the sediment from the bed, banks, and around bridge foundations (piers and 

abutments) (Breusers et al. 1977). Local scour around bridge piers has been recognized as a hazard to 
the bridge stability, the principal reason for bridge collapses (Richardson and Davis 2001); hence, 

more focus has been given to this field in the past six decades. To ensure protected and economical 

bridge design, accurate estimation of pier scour depth is essential. 

In 1973, FHWA worked on 383 bridge collapses in the US and mentioned that massive floods leading 

to damage of pier or abutment are the cause for failure (Arneson 2013). Wardhana (2003) documented 

503 bridge failures between 1989 and 2000 in the US and determined that massive floods and scour 
significantly contributed to failures at 53%. The scour problem is prevalent in India and is a primary 

concern for the Indian Railways (IRC) and the Public Works Department (PWD). In India, limited 

information is accessible on hydrology and scour failures of bridges (Kothyari 2007). In 2005, flash 
floods washed away the Veligonda railway bridge (Andhra Pradesh, India) caused by scouring failure, 

which costs 114 deaths and over 200 injuries (en.wikipedia.org). In 2007, 36 bridges and culverts 

were washed away during the floods that happened in the Bihar state of India (Kumar et al. 2013). 

Thus, the failure of the bridges resulting in injury or loss of life and economic damage. Also, it 
reasons indirect expenditure and a long-run impact on local financial activities. Further, the bridge 

damages implicated considerable losses in a fast phase developing nations like India by destroying the 

network of connected cities. Hence, accurate design scour depth estimation is needed at the design 
stage to avoid future bridge collapses (Kwak and Briaud 2002). 
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1.1 Pier scour mechanism 

The flow field with dynamic characteristics is complex. The interaction of complex 3-dimensional 

turbulent flow field around bridge piers with movable sediment bed causes pier scour (Chang et al. 
2004; Kothyari and Garde 2007; Kothyari et al. 2007), and the flow field becomes much complicated 

with the scour hole developing process (Barbhuiya and Dey 2003). The scour occurs due to the 

complex interaction of flow with the sediment bed, influenced by flow, fluid, sediment, and pier 
characteristics (Raudkivi and Ettema 1983; Dargahi 1990). 

Extensive research on the mechanism and scour pattern has been conducted to date (Shen et al. 1969; 

Melville 1975; Raudkivi and Sutherland 1981; Sumer et al. 1992; Melville and Coleman 2000; 
Richardson and Davis 2001; Dey and Raikar 2007). The temporal variation of scouring and maximum 

scour depth has been investigated by several researchers, such as Yanmaz and Altinbilek (1991), 

Melville and Chiew (1999), and Hager and Unger (2010). Many researchers have proposed empirical 
equations based on observations from their experimental data (Laursen and Toch 1956; Shen et al. 

1969; Coleman 1971; Hancu 1971). Since these equations are formulated under particular 

experimental conditions and parameters in the laboratory, they can not be used as a representative 
equation for scour depth estimation (Deng and Cai 2009). Also, system complexity increases 

uncertainty in the data sets while estimating the scour depth (Choi and Cheong 2006). There is not 

much knowledge regarding scour depth estimation for different pier geometrical conditions like non-

uniform piers focused on the present study. 

1.2 Non-uniform piers 

Generally, uniform piers are the constant geometry for the full length of the pier. Most of the existing 

relationships to estimate the scour depth applies to these piers, expressed in effective pier width. In 

contrast, non-uniform or compound piers are varying cross-sectional areas over the pier length, with 
the cylindrical pier resting on large-sized well foundations or caissons (Melville and Raudkivi 1996; 

Kothyari 2008; Kumar et al. 2012). A lot of studies have been conducted on the scour around uniform 

piers, but few investigators (Melville and Raudkivi 1996; Parola et al. 1996; Ataie-Ashtiani et al. 
2010; Kumar and Kothyari 2012; Kumar et al. 2012) have studied the effect of footing on the scour 

formation around non-uniform piers. The authors described that the equilibrium scour depth is closely 

related to the foundation geometry and position. Significant scour reduction is observed when the 

footing is placed at or below the bed level compared to pier alone due to its protective capability from 
downflow and horseshoe vortex (Parola et al. 1996). Also, Kothyari and Kumar (2012) proposed a 

methodology to estimate the temporal scour depth around circular compound piers. 

Non-uniform piers are generally adopted as a bridge substructure design on the Indian rivers 

(Kothyari 2008; Kumar et al. 2012). In India, the bridge designers have been used the Indian Road 

Congress (IRC) method based on Lacey's regime theory to estimate the design foundation level in 
alluvial rivers, which involves discharge intensity (q) and silt factor (f) suggested by Lacey and Inglis. 

However, Mazumder (2016) argued that the IRC method over predicts the scour depth with error 

varying from 5% and 275%, from the observations of five Indian rivers. Such considerable variation 

occurs as the approach is empirical, and it does not consider the significant parameters governing 
scour (Kothyari 2007). Thus, it needs to replace empiricism with soft-computing techniques. 

In literature, most of the existing formulae applicable to determine the bridge pier scour depth for 
uniform piers. Only a few studies have investigated the effect of foundation geometry on the scouring 

around the non-uniform piers. Thus there is a need to focus on maximum scour depth estimation 

around circular compound bridge piers. The present study is aimed to evaluate the effectiveness of 
soft-computing (ANNs) in scour depth prediction, as opposed to the existing empirical equations. 

1.3 Artificial Neural Networks (ANNs) 
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In literature, equations to estimate the maximum scour depth around bridge piers are abundant. The 

main concern is that they are derived from laboratory studies and may not give accurate scour depth 

for other conditions. With the introduction of soft-computing techniques in Civil Engineering 
problems, investigators recognized ANNs as a potential tool to build prediction models for complex 

and non-linear systems. Hence, ANNs can be used as an alternative approach for modeling the scour 

process and estimating scour depth. 

ANN is a modeling tool that simulates the human nervous system. In recent years, ANN has been 

introduced and widely used in Water Resources Engineering to develop the relationship between 
historical input and output data, without a detailed understanding of the input-output relationship 

involved in the system (Bateni et al. 2007). A typical ANN model consists of an input layer, hidden 

layers, an output layer, and free parameters. The input layer neurons receive input and transform it 

into the output layer using the transfer function in the hidden layers. ANNs can be used in modeling 
non-linear and complex hydraulic systems to get good results (Azamathulla et al. 2009). ANNs were 

used successfully to predict the scour depth in recent years (Bateni et al. 2007; Azamathulla et al. 

2009). 

As ANNs are attractive in modeling complex problems, many researchers developed models with 

variables to calibrate and estimate the maximum scour depth. Although ANN has been reported as an 

efficient tool in scour depth calculation for uniform piers, no study has investigated its suitability on 
bridges with a non-uniform pier. In this regard, the present study has been explored the potentiality of 

the ANN approach at predicting the scour depth around non-uniform piers in cohesionless soils. 

This study aims to develop the ANN model to estimate the maximum scour depth at non-uniform 

piers with Feed Forward Back Propagation (FFBP) algorithm using laboratory data in the literature. 

Important parameters regarding non-uniform pier scour prediction are sought out using sensitivity 
analysis. 

2. Prediction of non-uniform pier scour depth with ANNs

Scouring around bridge piers is a significant problem that affects the stability of a bridge structure. 

Accurate pier scour depth estimation is essential for safe bridge design. Scour depth around a pier 
depends on the flow, sediment, and pier characteristics. Several empirical formulations are available 

to estimate the maximum scour depth, but accurate estimation is not possible due to the system's 

complexity. In the present study, Artificial Neural Networks (ANN) application to estimate the 
maximum scour depth around circular non-uniform piers is investigated under clear-water conditions. 

The Feed Forward Back Propagation (FFBP) algorithm is used to develop the ANN scour model. 

This study used three sets of data to predict the non-uniform pier scour depth, such as Melville and 

Raudkivi (1996), Kumar (2007), and Lu et al. (2011). The details of the variables used to develop the 

scour model are listed in table 1. The equilibrium scour depth (ds) is influenced by flow, pier, and 

sediment characteristics. Important variables that are affecting the scour mechanism at non-uniform 
piers were chosen. Based on the existing literature data for non-uniform piers, the equilibrium scour 

depth (ds) can be functionally related as, 

ds = f (D, D*, d50, Z, Y, V, Vc) (1) 

Where D is the pier diameter (mm); D* is the footing diameter (mm); d50 is the mean sediment size 

(mm); Z is the position of the top surface of footing related to the initial bed level (mm); Y is the flow 
depth (mm); V is the flow velocity (m/s); Vc is the critical velocity (m/s). 

Table 1 Data source and data points obtained from the literature 

Investigated by Number of data points Variables 

Melville and Raudkivi (1996) 59 D, D*, d50, Z, Y, V, Vc, ds 
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Kumar (2007) 30 D, D*, d50, Z, Y, V, Vc, ds 

Lu et al. (2011) 11 D, D*, d50, Z, Y, V, Vc, ds 

The data is pre-processed and normalized using the dimensional analysis as: 

ds/D = f (D/D*, D/d50, Z/D, Y/D, V/Vc) (2) 

The five non-dimensional independent variables (D/D*, D/d50, Z/D, Y/D, and V/Vc) are supplied to the 

ANN model to obtain the non-dimensional scour depth ratio (ds/D). It consists of five non-

dimensional pre-processed input variables (D/D*, D/d50, Z/D, Y/D, and V/Vc) and scour depth ratio 

(ds/D) as output to the network. The data set consists of 100 data points from the three different 
studies used to develop the ANN model. Out of the 100 data points, 75% of data are chosen randomly 

to train the model, and the remaining 25% is used to test or validate the ANN model. The three 

statistical approaches, correlation coefficient (R), Root Mean Square Error (RMSE), and a graphical 
representation, are used to compare ANN performance. The network configuration with lesser RMSE 

and high R is taken as the best configuration. 

R = √1−
∑ (𝑃𝑖−𝐴𝑖)

2𝑁
𝑖=1

∑ (𝐴𝑖−𝐴𝑖̅̅ ̅)
2𝑁

𝑖=1

(3) 

RMSE = √
∑ (𝑃𝑖−𝐴𝑖)

2𝑁
𝑖=1

𝑁
(4) 

Where Ai and Pi are actual and predicted scour values for the ith data point, 𝐴�̅� is the average of actual

scour values, and N is the total number of data points considered. 

3. Results and analysis

The collected scour datasets from the existing literature were used to develop the ANN model to 

predict the maximum scour depth for circular non-uniform piers. The datasets on local scour around 

non-uniform piers under clear-water conditions reported in previous studies were considered to train 
and test the model. The ANN with the Feed-Forward Back Propagation (FFBP) algorithm was 

employed to train the network. The developed model is validated using the data not contained in the 

training set. 

In general, ANNs perform well to model complex and non-linear problems without understanding the 

relationship between the input and output parameters. Finding an optimum network in scour modeling 

involves changing the free parameters, determining connection weights, and the number of hidden 
layers and neurons. A trial and error method with a different number of hidden layers and neurons 

was implemented during network training. In the first trial of model training, beginning with one 

hidden layer and a small number of neurons (=10) was considered, increasing to 80 (in the multiples 
of 10). The model's performance is evaluated using the difference between observed and predicted 

values (RMSE) and R. Similarly, and the model was also trained with two hidden layers. Since there is 

a much improvement in the model performance with increasing the number of hidden layers from one 
to two, ANN with two hidden layers was considered the best network. The Feed Forward Back 

Propagation (FFBP) network with a configuration of two hidden layers and 30 neurons was regarded 

as the best network to predict the maximum scour depth with RMSE=0.3333and R=0.9863. The ANN 

training regression plot is shown in figure 1. 
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Figure 1 Neural network training regression (plot regression) 

The formulated model is applied to the dataset reported in model development, validated by the data 
that was not used in the network training. The obtained RMSE and R during training and validation for 

different sources are given in table 2. 

Table 2 Performance evaluation of the developed ANN model 

Source 
Training Testing 

R RMSE R RMSE 

Melville and Raudkivi (1996) 0.9839 0.4179 0.9762 0.4712 

Kumar (2007) 0.9612 0.1557 0.9 0.9423 

Lu et al. (2011) 0.9844 0.1062 0.8414 0.2783 

The RMSE values are 0.3333 and 0.6254 during calibration and validation, respectively, and the 

corresponding R values are 0.9863 and 0.9471 (figure 2). The correlation coefficient shows a higher 
value in testing (R=0.9471), which implies that ANN can accurately predict the maximum scour 

depth. The ANN model predicted scour values agree well with the measured scour values (figure 

2(b)). This is the advantage of ANN, where the underlying physics is difficult to understand in the 

scour process. About 90% of the data points are within the margin of ±25% error. It is concluded that 
the ANN can predict the local scour depth accurately for the circular non-uniform piers. 
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Figure 2 Observed versus predicted scour depth ratio (ds/D) during (a) training and (b) testing 

The scatter plots of observed and predicted (ds/D) for the best performing network during validation 

are shown in figure 3. Almost all of the datasets are confined within a margin of ±25%. From figure 3, 

it can be observed that the predicted maximum scour depth during validation agrees well with the 
observed scour depths. The data reported in the literature falls on the ideal fit line and shows very well 

agreement with the developed ANN model. It is found that ANN can be effectively utilized to predict 

the maximum scour depth for non-uniform piers. As the Ann approach is data-driven, the scour 
prediction model's accuracy depends on the quantity of the data provided. The performance of the 

developed model will be improved if the dataset covers a wider range. 

Figure 3 Comparison between observed and predicted scour depth ratios (ds/D) during testing 
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Further, sensitivity analysis is carried out to identify the relative importance of each of the five 

individual input variables on the scour depth prediction. The ANN training process is repeated by 
excluding one variable among the listed variables. It is observed that the position of footing top 

surface (Z/D) has significantly influenced, followed by the (D/d50), (D/D*), and (V/Vc), whereas the 

flow depth (Y/D) has a minor effect on the scouring process. 

4. Conclusions

Pier scour has been identified as a severe cause to bridge failures for more than six decades. In the 

present study, applying an ANN model using experimental data from the literature in estimating the 
maximum local scour depth for circular non-uniform piers is outlined. Results suggest that the 

position of footing related to the initial bed significantly influences scour depth estimation compared 

to the other variables. The validation results (R=0.9471 and RMSE=0.6254) showed that the 

developed ANN model accurately predicted the local scour depth ratio. 

Notations 

𝐴�̅� Average of actual scour values 

Ai Actual scour value for the ith data point 

ANN Artificial Neural Networks 

D Pier diameter (mm) 
D* Footing diameter (mm) 

D/D* Pier diameter to footing diameter ratio 

D/d50 Sediment coarseness ratio 

d50 Mean sediment size (mm) 

FFBP Feed Forward Back Propagation 

ds Maximum scour depth (mm) 

ds/D Scour depth ratio 

i Number of output nodes 

N Total number of data points 

Pi Predicted scour value for the ith data point 

R Correlation coefficient 
RMSE Root Mean Square Error 

V Flow velocity (m/s) 

V/Vc Critical velocity ratio 

Vc Critical flow velocity (m/s) 

Y Flow depth (mm) 

Y/D Flow shallowness ratio 

Z Elevation of footing top surface related to the initial bed level 

Z/D Footing relative elevation ratio 
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Abstract 

This study presents the impacts of LULC change on streamflow of Muvattupuzha river basin in Kerala, one of 

the worst hit regions during 2018 and 2019 Kerala flood, using Soil and Water Assessment Tool (SWAT). 

Analyses were carried out using LULC maps of six different time periods in which historical maps (1988, 1997, 

2008 and 2018) were prepared from Landsat images employing maximum likelihood supervised classification 

and future projected land covers (2030 and 2050) were prepared using Land Change Modeler (LCM). SWAT 

model simulations using LULC change scenarios were carried out considering 30 years (1986-2015) simulation 

period with constant climate and changing LULCs. Calibration and validation of SWAT model for streamflow 
were carried out for two river gauge stations (Ramamangalam and Kaliyar) located inside the basin, which 

showed model performance is reasonably good in simulating the observed streamflow. Analysis from the LULC 

maps revealed that forest, plantations and built-up areas were the most affected land covers of which plantations 

and built-up area showed an increasing trend at the expense of forest cover from 1988 to 2050. Streamflow 

showed increasing trend from 1988 (baseline) to 2050 for all the sub basins and downstream area of the basin is 

largely affected due to rapid urbanization in these regions. Annual average streamflow will increase up to 9.68% 

by the mid of 21st century from the baseline period. The proposed methodology can be used for other river 

basins to analyse the impact of LULC change, for water management practices. 

Keywords: Land use; SWAT; land change modeler, runoff, hydrological modelling 

1. Introduction

Water is vital natural resource for the existence of life in Earth. Therefore, sustainable use and 

efficient management of water resources become essential in local, regional and global level. Land 

use and land cover (LULC) change due to anthropogenic disturbances can alter the quantity of both 

surface and groundwater resources, which in turn impact significantly on socio-economic growth of a 
country or a region. For the past few years many researchers have found that LULC change can alter 

hydrological responses of a river basin to a large extent (Kaisheng Luo et al. 2016; Trang et al. 2017; 

Sinha and Eldho, 2018). LULC change plays a major role in hydrological cycle through changing 
infiltration capacity of soil, vegetation interception, evapotranspiration, groundwater 

recharge/discharge and thus affecting streamflow of a basin.  It will continue to increase in future due 

to population growth which will results in rapid urbanization/industrialization, deforestation and 
large-scale agricultural activities. One such known examples of land use change impacts on water 

resources is the Aral Sea in central Asia, in which almost 50% of the total volume of water has been 

lost during latter half of the twentieth century, due to large-scale irrigation water consumption caused 

by increase in paddy field areas (Pokhrel et al . 2017). On the other hand, agricultural land cover can 
quickly satisfy soil moisture deficiency and generate more surface runoff compared to forest area. 

Hence, conversion from forest to agricultural land in association with urbanization will increase 

imperviousness of soil that results in increased streamflow (Ghaffari et al. 2010). In addition to this, it 
has proved that construction of reservoirs can also have impact on hydrological process and alter river 

discharges (Biemans et al. 2011; Mailhot et al. 2018).  Important factors that drive changes in LULC 

for any basin are altitude and slope of the region, distance from river/road, distance from built-up area 

and population density (Lin et al. 2009). It is essential to study the behaviour of different hydrological 
process in relation with human interventions as the changes in LULC can lead to changes in basin 

hydrology.  
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There are many modelling approaches to assess the impacts of LULC change on basin hydrological 
processes, of which Soil and Water Assessment Tool (SWAT) has been widely used. It is a semi-

distributed river basin model and can simulate streamflow of the basin based on meteorological data 

and different catchment characteristics. Many researchers have used this model worldwide and found 

that SWAT is a powerful tool to simulate the impact of environmental change on basin hydrology 
(Zhi Li et al. 2009, Khaled et al. 2017). For example, Nagaveni and Pavan, (2018) applied this model 

to simulate two land-use scenarios to analyse the runoff variation in Nallamala forest watershed, 

India. Sinha and Eldho, (2018) conducted their study in Netravati river basin in India to analyse the 
monthly variations in streamflow and sediment yield for six land-use scenarios based on SWAT 

model simulations. 

For long-term water resources management and land use planning, it is essential to quantify the 
impacts of different land use/land cover characteristics on hydrology of a basin, for better 

understanding the potential effects of LULC changes on water resources and water-related disasters. 

Hence, the objectives of the present study are: (i) to assess the changes in land use and land cover on 

Muvattupuzha river basin, Kerala, for six different time scales (1988-2050) with the help of GIS and 
remote sensing tools. (ii) to calibrate and validate SWAT hydrological model for streamflow and 

identify sensitive parameters (iii) to analyse LULC change impacts on streamflow of the basin using 

SWAT model. 

2. Study area

Muvattupuzha river basin is located in central Kerala having a total catchment area of 1554 km2 and 

lies between latitudes 9º40´-10º 10´ N and longitudes 76º20´-77º E (Fig. 1). It is a perennial river 

extending about 121 km in length and having three tributaries namely Kothamangalam river, Kaliyar 
river and Thodupuzha river. The basin is having tropical humid climate and average annual rainfall is 

approximately 3500 mm. Two river gauging stations are in the basin, one at Kalampur on Kaliyar 

river and other at Ramamangalam on Muvattupuzha river. The temperature varies from 22°C to 35°C 
throughout the year and average wind speed is greater than 9.2 km/hr. Basin experiences significant 

seasonal variations in wind speed and relative humidity. Upstream portion of basin is elevated and 

covered mainly by forest area whereas the lower downstream portion is characterised by agriculture 

and human settlements.  Geologically, basin consists of Pre - Cambrian crystallines, laterites and 
Tertiary sedimentary rocks formations. 

Figure 1 Location Map of study area (Muvattupuzha River basin) 
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3. Materials and Methods

3.1 Datasets 

For hydrological modelling, SWAT requires several input datasets such as slope map, soil map and 

LULC maps, and hydrometeorological data. Digital elevation model (DEM) represents altitude of the 
region and is used to prepare slope map for the basin (Fig, 2a). DEM for the study area is obtained 

from NRSC (National Remote Sensing Centre) with a spatial resolution of 30 m. Meteorological data 

such as precipitation and temperature (min and max) were obtained from Indian Meteorological 
Department (IMD), and relative humidity, solar radiation and windspeed were Climate Forecast 

System Reanalysis (CFSR) data all at a grid resolution of  0.25º and for 1988-2015 time period. A 

total number of 13 meteorological stations were selected for the study area. Hydrological data 

(streamflow) for two-gauge stations (Kalampur and Ramamangalam) were collected from Central 
Water Commission on monthly basis for 1986-2015 period. NBSS (National Bureau of Soil Survey) 

soil map was used for the study (Fig. 2b). Landsat imageries were used for the LULC classification of 

the years 1988,1997, 2008 and 2018.  The details of Landsat data are shown in Table 1.  

Figure 2 (a) DEM, and (b) Soil Map for Muvattupuzha river basin 

Table 1 Details of Landsat imagery retrieved for the analysis 
Acquisition date Entry ID Sensor Landsat Resolution 

19 January 1988 LT05_L1TP_144053_19880119_20170210_01_T1 TM 5 30 

01 April 1997 LT05_L1TP_144053_19970401_20170101_01_T1 TM 5 30 

27 December 2008 LT05_L1TP_144053_20081227_20170111_01_T1 TM 5 30 

21 January 2018 LC08_L1TP_144053_20180121_20180206_01_T1 OLI 8 30 

3.2 LULC map preparation and projection for future 

LULC maps were prepared for the years 1988, 1997, 2008 and 2018 for historic time periods. The 
downloaded Landsat imageries after layer stacking and mosaicking were used for classifying, using 

maximum likelihood supervised classification in ERDAS Imagine software. Decision rule in 

maximum likelihood method is used to find the probability for a pixel belongs to a class, if equal 
probabilities are given for all classes. Total number of six land cover classes were identified over the 

study area namely, forest, plantations, agriculture, built-up, barren and water bodies, which are taken 

for change analysis. In addition, overall accuracy and Kappa coefficient (Cohen 1960) of classified 
image were also found after comparing it with the ground truth points, using google earth images. 

LULC maps for the future two time periods (2030 and 2050) need to be projected in order to analyse 

the LULC change impacts on streamflow for future periods. Multi perceptron neural network built on 

the Markov chain modelling method with cellular automata (CA) employed within the IDRISI’s land 
change modeller (LCM) was used for the future projection of LULCs  (Eastman 2016). LULC maps 

of 1997 and 2008 were used for projecting LULC 2018 and subsequent calibration and validation of 

the model were carried out. LCM projected map of 2018 is then compared with the actual map 

(a) (b) 

1262

https://www.sciencedirect.com/science/article/pii/S2405844018317626#bib16


prepared using Landsat imagery of 2018. Kappa coefficient of 0.75 was obtained during the validation 
of the model so that the model can be used for projection of future LULCs. LULC map of 2030 was 

then projected using LULC 2008 and LULC 2018 considering the same transitions and driver 

variables as obtained during calibration of the LCM model. Similarly, LULC 2050 was projected 

using LULC maps of 2018 and 2030. 

3.3 SWAT hydrological model 

The semi distributed, continuous-time and physically based model SWAT developed by the US 

Department of Agriculture (USDA) was used in the study for hydrological modelling of 

Muvattupuzha river basin. This model has been used extensively worldwide because of its 
computational efficiency, requirement of readily available inputs and capability for continuous long-

term simulations. Geographic information system (GIS) interface for SWAT, Arc SWAT an extension 

of ArcGIS was employed for the model development in the present study. For modelling purpose, it 
divides the entire basin into smaller sub basins which are further divided into hydrologic response 

units (HRUs), having unique land cover, soil and management combinations. Model requires daily 

input values such as rainfall data, maximum and minimum air temperature, solar radiation, relative air 
humidity and wind speed. The hydrological cycle simulated by SWAT is based on water balance 

equation (Neitsch et al. 2011). 

𝑆𝑊𝑡 = 𝑆𝑊𝑜 + ∑ (𝑅𝑑𝑎𝑦
𝑡
𝑖=1 − 𝑄𝑠𝑢𝑟𝑓 − 𝐸𝑎 − 𝑤𝑠𝑒𝑒𝑝 − 𝑄𝑔𝑤)  (1) 

Where, SWt is final soil water content, SWo is initial soil water content and Rday, Qsurf , Ea, wseep and 

Qgw are the daily values of precipitation, surface runoff, evapotranspiration, percolation and return 
flow respectively; all units are in mm/d.  

The model uses SCS curve number equation (USDA-SCS 1972) for predicting surface runoff for each 

HRU and routed to obtain the total runoff for the basin. The Penman-Monteith method (Monteith, 

1965) was adopted in the model for estimating potential evapotranspiration (PET). The detailed 
methodology of the present study is shown in Fig. 3.  

3.3 SWAT calibration and validation 

For the present study, we used SUFI-2 (Sequential Uncertainty Fitting ver.2) optimization algorithm 

(Abbaspour et al., 2004) within SWAT-CUP for calibration and validation of the model. It 
incorporates both sensitivity and uncertainty analysis of the model parameters. All type of 

uncertainties (diver variables, parameters, input etc) in parameters are accounted in SUFI-2 algorithm 

and are expressed as ranges or uniform distributions. Model was calibrated for streamflow for 1991-
2000 time period and validated for 2001-2010 time period using LULC map of 2008. In addition, 

five-year warm-up (1986-1990) was also given during calibration. The model was calibrated first at 

upstream gauging station, Kalampur (subbasin 7) and then the downstream gauging station, 
Ramamangalam (subbasin 15) was calibrated. In order to evaluate the model performance in 

simulating the streamflow, two statistical criteria were used in the study; Coefficient of Determination 

(R2)  and Nash-Sutcliffe efficiency (NSE). 

𝑅2 = {
∑ (𝑄𝑖−𝑄𝑎𝑣𝑔)∗ (𝑆𝑖−𝑆𝑎𝑣𝑔)𝑛

𝑖=1

√∑  (𝑄𝑖−𝑄𝑎𝑣𝑔)
2𝑛

𝑖=1 ∗ ∑ (𝑆𝑖−𝑆𝑎𝑣𝑔)
2𝑛

𝑖=1

}

2

(2) 

𝑁𝑆𝐸 = 1 −
∑ (𝑄𝑖−𝑆𝑖)2𝑛

𝑖=1

∑ (𝑄𝑎𝑣𝑔−𝑆𝑎𝑣𝑔)2𝑛
𝑖=1

(3)
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Where, 𝑄𝑖 is the measured discharge, 𝑄𝑎𝑣𝑔 is the mean of measured discharge, 𝑆𝑖  is the simulated 

discharge, 𝑆𝑎𝑣𝑔 is the average of simulated discharge and n is the number data.  

Figure 3 Schematic diagram of methodology involved in hydrological modelling 

4. Results and discussions

4.1 LULC change analysis 

Figure 4 shows the LULC maps for historic (1988, 1997, 2008 and 2018) as well as future (2030 and 

2050) period and the percentage area covered by each land cover classes are shown in Table 2. 

Decadal changes in LULC shows that forest was the major land cover class in 1988 but thereafter 
plantations dominated over the forest cover. By 2018, a reduction of 47 % was occurred for forest 

cover. At the same time, percentage area covered by plantations are increasing over the last four 

decades. The reduction in forest cover is compensated by increase in plantations, mainly rubber trees 
and coconut trees. There are no appreciable changes occurred in the forest land cover in the higher 

elevations of the catchments. The built-up area shows an increasing trend because of rapid 

urbanization in the lower downstream portions of the basin. The least classified was built-up areas till 

1997 but thereafter it increased up-to 6 % in 2018. Agricultural area showed a slight decreasing trend 
from 1988-2008 period, but waterbodies showed slight increasing trend especially after the 

construction of Malankara irrigation dam on 1975. The percentage area covered by barren land were a 

little higher in 1997 and 2008 LULCs due to the exposed bare rocks on eastern side of the basin. From 
the analysis of projected LULCs, it is evident that forest cover reduces gradually and a reduction of 

around 68 % occurred by the end of 2050. Plantations were dominating land cover classes even in 

2030 and 2050. Forest cover in the mountainous region were also depleted and converted to other land 
cover classes during these periods. Built-up area showed an increasing trend at an alarming rate 

especially after 2030. Percentage area covered by built-up was 13.54, which shows the rapid 
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urbanization/industrialization especially in and around of Muvattupuzha, Thodupuzha and 
Kothamangalam towns. The overall changes in each land cover classes for the years 1988-2050 are 

shown in Figure 4. 

Figure 4 LULC classification for the years 1988,1997,2008, 2018, 2030 and 2050. 

Table 2 Percentage area covered by each land cover classes 
Classes/Year 1988 1997 2008 2018 2030 2050 

Forest (%) 43.63 32.71 27.59 23.1 20.23 13.63 

Plantations (%) 26.95 34.95 39.64 42.32 43.03 44.64 

Agriculture (%) 26.64 24.28 22.45 22.5 23.01 23.57 

Built-up (%) 0.4 1 2.1 6 8.73 13.54 

Water (%) 0.84 0.98 1.14 1.05 1.04 1.05 

Barren land (%) 1.6 6 7 4.8 3.95 3.56 

1265



4.2 SWAT calibration and validation results 

Hydrological model SWAT was calibrated for streamflow at two gauge-stations Kalambur (Subbasin 

7) and Ramamangalam (Subbasin 15) for a period of 10 years starting from 1991 to 2000. A total of
25 streamflow parameters were selected based on model documentation and literature review.

Average slope steepness (HRU_SLP) and manning's "n" value for overland flow(OV_N) are found to

be the most sensitive parameters, followed by average slope length (SLSUBBSN), SCS runoff curve
number II (CN_2), and threshold depth of water in the shallow aquifer required for return flow to

occur (GWQMN) collectively for surface runoff and base flow. The details of sensitive parameters,

their fitted values, allowable ranges and sensitivity analysis results along with their ranking are shown

in Table 3.  Measure of parameter sensitivity is given by ‘t stat’ (larger the absolute value higher the
sensitivity) and significance of sensitivity is given by ‘p value’ (if p value is less than 0.05, more

significant is that parameter at 95 % significance level) (Abbaspour 2011). Figure 5a shows the

calibration, which clearly shows that simulated streamflow closely matches with the observed value
for both stations with an R2 and NSE value of 0.87 and 0.86 respectively for Kalambur station and an

R2 and NSE value of 0.89 and 0.85 respectively for Ramamangalam station.

Table 3 Streamflow calibration sensitive parameters 
Parameter_Name Fitted_Value Min_value Max_value t-Stat P-Value Rank

V__HRU_SLP.hru 0.295 0 1 4.79 0.00 1 

V__OV_N.hru 0.13495 0.01 25 -4.11 0.00 2 

V__SLSUBBSN.hru 139.5 10 150 -2.55 0.02 3 

R__CN2.mgt 0.498 0.1 0.5 2.32 0.03 4 

R__GWQMN.gw 0.41812 -0.008 1.6 1.53 0.14 5 

V=means the existing parameter value is to be replaced by a given value; R=means an existing parameter value 

is multiplied by (1+ a given value) 

Model was validated for a period of 10 years starting from 2001 to 2010. Figure 5b shows the 

simulated and observed streamflow during validation period. Performance statistics gave R2 and NSE 

value of 0.9 and 0.89 respectively for Kalambur gauge and that for Ramamangalam gauge station 

were found to be 0.81 and 0.75 respectively. 

Figure 5 Calibration and validation results of SWAT a. Kalampur station; b. Ramamangalam station 

Calibration (1991-2000) Validation (2001-2010) 

Calibration (1991-2000) Validation (2001-2010) 

Observed 

Observed 

Simulated 

Simulated 
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4.3 LULC change impact assessment on streamflow of the basin 

The behaviour of basin hydrology with the changing LULC was analysed using the calibrated SWAT 

model. For this purpose, the model was run using different LULC maps and keeping climate data as 
constant for a period of 1986-2015, which helps to analyse the individual impact of LULC change on 

basin hydrology. Percentage variation of mean monthly surface runoff from baseline at sub basin level 

and for each LULCs are shown in Figure 6. 
The mean monthly surface runoff showed an increasing trend from the baseline runoff (LULC 1988) 

for all the LULC cases analysed and maximum percentage change was found in 2050. But, for a few 

subbasins in the upstream side of the basin showed a slight decreasing trend in runoff for the years 

1997, 2008 and 2018. More percentage deviation was found in downstream portion of the basin, 
where significant changes in land covers have occurred. Areas in and around of Muvattupuzha town, 

Kothamangalam town and Thodupuzha town also showed large variation in runoff from baseline 

scenario, due to the rapid urbanization in these locations.    
Apart from the subbasin level analysis, monthly mean and seasonal mean of runoff from the overall 

basin were also found and plotted as its variations (expressed as %) from baseline LULC 1988 which 

are shown in Figure 7. The mean monthly runoff analysis (Figure 7a) shows highest percentage 
deviation in April, May and June months of the year, and more variation was found in case of LULC 

2030 and LULC 2050 model run. Also, pre-monsoon months (March, April and May) and monsoon 

months (June, July, August and September) will be mostly affected due to the LULC changes over the 

basin (Figure 7b). The annual average streamflow increased by 4.7%, 4.8%, 4.76%, 6.93% and 8.8% 
for the LULC change from 1988 to 1997, 2008, 2018, 2030 and 2050 respectively. Since more 

changes in monthly runoff mean was observed in downstream side which are low lying areas of the 

basin, chances of flooding in these regions will also be high during monsoon season.   
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Figure 6 Spatial variation of mean monthly surface runoff from baseline LULC 1988 for the years 

1997, 2008, 2018, 2030 and 2050. 

Figure 7 (a) Percentage variation of mean monthly runoff from the basin; (b) Percentage variation in 

seasonal mean of runoff from the basin 

5. Conclusions

The hydrological impact assessment of land use and land cover (LULC) change on streamflow of 

Muvattupuzha river basin in Kerala was carried out in the present study using Soil and Water 
Assessment Tool (SWAT). Change detection in LULC was performed using Landsat imageries for 

the years 1988, 1997, 2008 and 2018 and then projected to the future period (2030 and 2050) using 

Land Change Modeler (LCM). Significant changes in LULCs were found over the last four decades 

and is continued to project in future time periods. Major reduction in forest cover (68% reduction 
from 1988-2050) was observed in the basin mainly due to the conversion from forest to plantations 

(especially rubber and coconut trees) towards the western slope of the basin. The agricultural area and 

barren land decreased slightly from 1988 to 2050 whereas, drastic increase in built-up area was 
observed over the years. Both the reduction in forest cover and rapid urbanization has resulted the 

annual streamflow to increase (8.8% increase from 1988 to 2050). Percentage variation of mean 

monthly surface runoff from baseline scenario (LULC 1988) were more towards downstream side of 

the basin and hence chances of flooding in these regions are more in monsoon months. The results of 
the present study will be useful for proper water management and land use planning of Muvattupuzha 

river basin for future time periods. For long term analysis it would be recommended to incorporate 

future climate data as well as Malankara reservoir data to analyse the changes in streamflow.  
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Abstract 

Atmospheric rivers (ARs) are filamentary regions with high water vapor flux of low troposphere. 

These ARs represent narrow rivers like structure in the atmosphere and landfalling of these ARs 

can produce a massive amount of precipitation if substantial orography is available. This huge 

amount of moisture can produce either beneficial rain to some regions or can create extreme events 

of flood or drought. Therefore, it has a great influence over the economy and social stability of any 

region. As a climatologist and meteorologist, it is very important to understand the pattern of 

moisture transport in the atmosphere. In changing climate with global warming, it has become 

even more important to comprehend the varying spatial and temporal distribution of ARs. There 

have been many algorithms developed by the researchers and scientists for the identification of 

ARs based on the geographical region concerned and the local climatology. The integrated water 

vapor transport (IVT) based algorithm has been popularly adopted and appreciated by various 

researchers for the detection of ARs, similar algorithm has been adopted here. The threshold for 

mean IVT is 100 kg/m/sec has been adopted for taking consideration of global climatology. The 

frequency and duration of detected ARs can define the risk associated with ARs at a particular 

geographical location in a specific time. The frequency analysis oflandfalling ARs shows presence 

of ARs in all major continents and decadal analysis from 1979 to 2018 shows that ARs is more 

consistent where the frequency of landfalling is more. The ARs were found more frequent at the 

west coast throughout the globe. 

Keywords: Atmospheric river; Integrated water vapor; landfalling AR; global climatology 
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1. Introduction

Atmospheric rivers (ARs) are filamentary regions with high water vapor flux of low troposphere. 

These ARs represent narrow rivers like structure (length> 2000 km and width< 1000 km) in the 

atmosphere and landfalling of these ARs can produce a massive amount of precipitation if 

substantial orography is available. These transient filamentary regions of high moisture content 

(water vapor) and strong low-level jets, exist within the warm conveyer belt of extra tropical 

cyclones Therefore, ARs have great influence over global water cycle and hydrology. The impact 

of these ARs has been experienced across mid-latitudes and even at polar regions (Gorodetskaya 

et al. 2014). These ARs contribute about 90% of pole ward water vapor transport across mid

latitudes (Zhu and Newell, 1998). It has been felt that, in typical case, an AR may carry water 

equivalent to 7 to 15 Mississippi rivers and around 3 to 5 such ARs exist in each hemisphere at 

any time, covering 10% of total hemispheric circumference (Ralph and Dettinger 2011; Zhu and 

Newell 1998). In one hand where, ARs have been contributing in providing fresh-water availability 

through rain and snow, other hand given invitation for devastating floods (Dettinger 2011; Guan 

et al. 2010; Neiman et al. 2013; Rutz and Steenburgh 2012). 

Studies documented on the role of AR driven precipitation reveal that on average 30% of 

precipitation has been supplied by ARs in west Coast of the U.S. and Europe, resulting in peak 

historical flood in Washington state (Lavers et al. 2015; Neiman et al. 2011; Ralph and Dettinger 

2011). Whereas in California, these ARs contribute 30 to 50% of river flow (Dettinger 2011). In 

one of the studies based on ARs at global level, has recorded the impact of ARs even over 

Southeast Asia, South America, South Africa, Australia, and central Europe (Guan and Waliser 

2015). There are also some studies documenting influence of ARs in Indian subcontinent in 

relation with heavy precipitation events and floods (Dhana Lakshmi and Satyanarayana 2019; 

Guan and Waliser 2015; Yang et al. 2018). Thus, ARs may prove an important factor of global 

terrestrial hydrology. 

The presence and flow of moisture in the troposphere is very much influenced by large scale ocean

atmosphere dynamics. Thus, frequency and intensity oflandfalling ARs have also been linked with 

large scale climate oscillations. Still, this linkage has not been very vividly explained in revealed 

studies (Gimeno et al. 2014). In one of study in California, highlights connection between the 

frequency oflandfalling ARs and two teleconnections, Arctic Oscillation (AO) and Pacific/North 
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American pattern in northern hemisphere (Guan et al. 2013; Guan and Waliser 2015; Paltan et al. 

2017). It has been found that North Atlantic Oscillation (NAO) also affects AR activities. In 

southern Europe, ARs have been found concurrent with negative NAO pattern and in northern 

Europe, occurrence of ARs is more associated with positive NAO phase (Lavers and Villarini 

2013). 

With the change in climate due to global warming, intensity and frequency of ARs are also going 

to affect. More intense ARs would likely to occur in comparatively hotter climate. Studies using 

global climate models (GCMs) suggest higher risk from flooding in future due to increased water 

vapor transport, higher AR frequency and increased AR season (Dettinger 2011; Lavers and 

Villarini 2013). From a study in Europe, employing 5 GCMs data from fifth Coupled Model 

Intercomparison Project (CMIP5) shows high frequency and increased intensity in North Atlantic 

ARs (Lavers and Villarini 2013). 

There have been mainly two approaches for the detection of ARs either using Integrated Water 

Vapor (IWV) from satellites measurements, reanalyses or models and then applying threshold on 

geometry of AR and IWV (Dettinger 2011; Neiman et al. 2009; Ralph et al. 2004) or vertically 

integrating horizontal water vapor transport (IVT) in between 1000 hPa to 300 hPa, derived from 

atmospheric reanalyses or models and then applying threshold on the geometrical features of AR 

and IVT (Gao et al. 2015; Lavers et al. 2011; Zhu and Newell 1998). In first approach, an 

atmospheric river has been identified with water vapor filaments of length greater than 2000km, 

width shorter than 1000km and IWV, greater than 2 cm (Neiman et al. 2008; Ralph et al. 2004). 

Similar AR identification approached has been used to reveal its association with winters flood in 

Britain by thresholding 900 hPa specific humidity with a limit of 5 g/kg, that has been identified 

to be corresponding to 2 cm IWV on linear regression (Lavers et al. 2011). Comparative AR 

detection analysis based on both the approaches (IWV and IVT based) shows agreement for strong 

ARs with strong precipitation whereas shows disagreement in case of weaker precipitation, when 

either IWV or IVT fulfills the AR criteria. It also has been found in a study that precipitation is 

stronger in case of only IVT than only IWV fulfilling AR requirements (Guan and Waliser 2015). 

The Integrated water vapor transport (IVT) has been considered most desirable approach for AR 

detection because of its direct connection with orographically induced precipitation (Guan and 

Waliser 2015; Neiman et al. 2009, 2002). IVT based ARs detection method has been applied to 
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investigate the impact of ARs in western U.S. (Backes et al. 2015; Lavers and Villarini 2013; Rutz 

et al. 2013) and globally (Guan and Waliser 2015). 

where, q, u and v are layered averaged specific humidity (kg/kg), zonal and meridional winds 

(mlsec) and dp is the difference in pressure between two adjacent pressure levels in N/m2 (Pa). 

IVT is in Kg/mlsec. 

2. Data and Methods

In this study, for the detection of ARs based on IVT approach, we collected 6-hourly atmospheric 

field global data set at 1.5° x 1.5° spatial resolution from ECMWF Interim (ERA-Interim). For the 

analysis of IVT, specific humidity and wind (zonal and meridional) speeds were included at 20 

pressure levels between 1000 hPa and 300 hPa for the period of 40 years from 1979 to 2018 (Guan 

and Waliser 2015; Neiman et al. 2011). We use the algorithm developed by Guan and Waliser 

(2015) for the detection of ARs at global domain based on the characteristics of IVT. This 

algorithm involves thresholding ERA-Interim derived IVT based on 85th percentile (Lavers et al. 

2012) value with fixed lower limit of 100 kg/mis to each season and grid cell with additional 

geometrical restriction of AR including length > 2000 km, length/width ratio > 2, and other 

requirements indicative of AR. Because of weaken moisture holding capacity, the intensity ofIVT 

is weak in high latitudes and in some continental interiors. Therefore, percentile-based threshold 

has been introduced at each grid throughout the time-steps on the climatology of the specific 

season in AR detection. Along with 85th percentile, a fixed lower limit has also been applied to 

make sure the effectiveness ofIVT intensity in delineating filamentary structural characteristics of 

ARs in polar regions, where 85th percentile is comparatively small. On varying lower fixed limit 

for the AR detection in the range of 50 to 150 kg/mis, there would not have been notable change 

on AR detection but on increasing it beyond 100 kg/mis, would in some cases prevent landfalling 

ARs from intersecting the Antarctic coast (Gorodetskaya et al. 2014; Guan and Waliser 2015). 

Therefore, IVT threshold of maximum of 85th percentile and 100 kg/mis has been applied for 

isolating filamentary AR key characteristics region from the background transport. In used 

IVT = √(
1

g
∫ qu dp

300

1000

)

2

+ (
1

g
∫ qv dp

300

1000

)

2
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developed algorithm, IVT has been sub-divided in two parts, zonal IVT and meridional IVT. Zonal 

IVT is a vertical integration of product of layered specific humidity and zonal wind velocity 

( eastward) between 1000 hPa and 300 hPa pressure levels whereas, meridional IVT is defined as 

vertical integration of product of layered specific humidity and meridional wind velocity 

(poleward direction) between 1000 hPa and 300 hPa pressure levels. This type of analysis helps in 

applying additional threshold for zonal and meridional IVT for region specific and hence helps in 

more enhanced AR identification. 

( 1 f 
300

) Zonal IVT = - - qu dp
g 1000 

( 1f
300 

) Meridional IVT = - - qv dp
g 1000 

Total 624035 ARs have been detected for the period of 40 years from 1979 to 2018 by the 

algorithm with the average of 16065 ARs per year based on 6-hourly maps. In this consideration, 

at each timestep-map, detected ARs has been counted separately which means a same AR system 

has been detected for multiple times at different timesteps. 

Fig 1. Map (6-hourly) showing Meridional IVT (a) and Zonal IVT (b) at timestep 10-01-2004 18:00:00. 

 (a)  (b) 
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Meridional IVT has also used as one of the thresholding criteria in the algorithm for the 

identification of ARs. The limit for meridional IVT requirement or also expressed as mean 

poleward component of IVT is fixed at minimum of 50 kg/mis. Some more criteria have been 

Fig 2. 85th percentile ofIVT magnitude (kg/mis) at each grid cell for August month throughout the period of 40 

years from 1979 to 2018. 

applied for filtration in the algorithm such as coherence in IVT direction, consistency between 

object mean IVT direction and overall orientation, etc. for landfalling ARs. 

12 such maps have been created for all the 12 months and have been used in the algorithm for 

applying 85 percentile criteria on mean IVT at each grid cell for each month separately. At equator, 

enhanced IVT has been observed which indicate high trade winds and high moisture density over 

warm water. IVT at higher latitudes is weak due to reduced moisture holding capacity of 

atmosphere. At some continental interiors also IVT is weak due to reduction in supply of moisture. 

2.1 AR detection 

After applying all filters, ARs have been detected at each timestep (6-hourly). One of such maps 

has been shown in Fig. 1, detecting the shape and location of the ARs. Different colors have been 

used to represent the uniqueness of an individual AR. Where, each color represents a unique AR. 

In the detection algorithm, strongest filtering criterion is the geometry of the AR (length and 

length by width ratio of AR) (Guan and Waliser, 2015). 
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Fig 3 ARs detected at an arbitrary 6 h time step 

2.2 Basic characteristics of AR detected 

Geometry and IVT characteristics of detected ARs are represented through histograms (Fig. 

4). Lesser numbers of ARs have been detected for longer length whereas higher for shorter 

length of 

 (a)  (b)    (c) 

Fig 4 Histograms of basic characteristics of ARs detected for the period of 1979 to 2018. Frequency of ARs with 

respect to mean IVT (Fig. 4 a), length of AR (Fig. 4 b), and length by width ratio (Fig. 4c). 
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ARs (Fig. 4 b). In case of magnitude of mean IVT, average IVT strength has been more frequent 

(Fig 4 a). It has also seen that for length by width ratio 5 to 8, ARs are more frequent (Fig. 4 c). 

From previous studies, it is very clear that ARs are significantly related with flood and drought 

events at various locations. That's why, out of all detected ARs, landfalling ARs have more 

significance. For landfall, ARs detected from previous steps are checked whether they meet the 

coastline. If there has been an overlap of at least one grid cell (1.5° x 1.5°) between AR shape and

land mask, it will be considered as landfalling AR. Island smaller (2.5° x 2.5°) in size and interior

water bodies, surrounded by land completely or partially, are not considered. For the identification 

of landfall location of AR, in case it intersects the coastline with mean IVT directed onshore, the 

grid with maximum IVT strength at intersection is noted. But, if the remaining length of AR over 

the ocean is less than 1000 km, that time step will not be counted. 

2.3 Frequency of landfalling ARs 

Frequency of AR landfall is very important in studying it's the impact over the region. It is evident 

that the frequency oflandfalling ARs are higher in west coasts of North America, southern South 

America, and Europe (Fig. 5). North America and Europe have been extensively studied for ARs 

and their association with extreme precipitation or flood events. In Greenland and Antarctica also 

Fig 5 Frequency (days per year) of AR landfalls for the period of 1979 to 2018. 
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notable numbers of ARs have been observed where it contributes in snow and ice sheets 

(Gorodetskaya et al., 2014; Neff et al., 2013). Globally detected AR-frequency map (Fig. 5) shows 

considerable ARs at various locations including South/East Asia, Australia and New Zealand, 

northeastern North America, central America and north western/south western Africa. These are 

the regions where not too much scientific attention have been shown regarding impact analysis of 

AR landfalls. 

2.4 Decadal variation of landfalling frequency 

Decadal variation of landfalling ARs clearly demonstrate that the consistency for more frequent 

a) 1979-1988 b) 1989-1998

c) 1999-2008 d) 2009-2018

Fig. 6 Decadal variation of landfalling ARs 
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ARs intersecting at coastlines are higher than where frequency for landfalling AR is less. The ARs 

intersecting coastlines at northern America, southern-western America are more frequent as well 

as consistent throughout all four decades starting from 1979 to 2018. On other hand, ARs 

intersecting southern-eastern America, southern Africa are less frequent as well as less consistent 

also from 1979 to 2018. 

Fig. 7 shows the global distribution of ARs frequency with respect to the percent of time in which 

the AR shape is being overlaid the grids throughout the time series. From plot it is very clear that-

Fig 7 AR frequency (percent of time steps) 

the frequency of ARs is highest at midlatitudes basin then over land or some interior continents 

and the minimum frequencies have been observed at poles. South Atlantic, southeast pacific, 

extra tropical North Pacific confronts maximum frequency of ARs centered over them. 
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3. Concluding remarks

The algorithm used for AR-detection have included seasonal as well as spatial distribution of 

IVT magnitude for capturing ARs distinguishingly throughout the globe. Percentile based as 

well as lowest limit (100 kg/mis) ofIVT magnitude enable the algorithm to capture significant 

atmospheric river in different regions at 6 hourly time scale. There have been found total 

624035 ARs, with an average of 16065 ARs each year throughout the globe at 6 hourly time 

scale. On average 8 to 10 ARs have been identified at each 6 hourly time scale map distributed 

unevenly in the world (Fig. 3). 

The global distribution oflandfalling ARs clearly demonstrate the critical role of ARs in global 

supply of snow and water. The frequency plot oflandfalling ARs (Fig. 5) shows the availability 

of ARs in all the continents including Antarctica as well as in major islands. ARs frequency 

distribution reveals more frequent nature over the midlatitude basins than other latitudes (Fig. 

7), where South Atlantic, south-eastern Pacific and extratropical North pacific have centers 

with highest frequency. Decadal analysis of distribution of landfalling ARs intersecting the 

coastlines, shows that the location of higher frequency of landfalling have more consistent 

behavior than location with less or minimum landfalling (Fig. 6). North America, South

western America, western Australia, and Europe have been found more frequent for AR 

landfalls along the coastlines. The regions like Antarctica and Greenland have also noteworthy 

amount of landfalling ARs intersecting the coasts. The important thing is that the regions 

having not sufficient scientific attention of ARs, like South Asia, northeastern America, 

Australia, New Zealand, north-western and south western Africa has also found with notable 

amount of landfalling ARs 

Future scope 

The role of ARs have significant influence over the globe for snow and water distribution so 

better and more realistic understanding of integrated moisture transport flux with respect to 

large scale climate oscillations is very important. The natural process has large scale of 

variability associated with the spatial and temporal distribution of that physical phenomenon. 

The non-stationary approach can be very useful for capturing more genuine varying patterns 
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of AR associated with various other physical processes like teleconnections, sea surface 

temperature and other climate variables. 
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ABSTRACT 

Algae growth raceways ponds are open channel frameworks utilized to create the growth of algae utilizing 

daylight and source of supplements to flourish. These frameworks are getting expanding consideration for their 

potential to be utilized as a reasonable and feasible source of light nutrition nourishment, by the cosmetic industry, 

or indeed as an elective source of biofuel. Keeping the fact in view in order to realize financial possibility and 

empower this change, the efficiency of this framework has to be considerably progressed. Mixing of gases and 

nutrients by turbulence inside the raceway plays a central part within the productivity of the framework. Blending 

avoids algae growth from settling onto the foot of the raceway, guarantees suitable level of exposure to daylight 

and nutrients and increase gas diffusion and trade between the raceway and the atmosphere. This review paper 

summarizes detailed study of mixing processes within existing raceway ponds, recent practices in optimum 

production of biomass keeping physical, biological and environmental parameter. Pond liners for large-scale 

cultivation of algae for biofuels and byproducts are a significant source of capital cost and greenhouse gas 

emissions, both of which can be reduced by using unlined ponds. The review also focuses on potential use of 

sealant mechanism on productivity of pond. The experimentation and numerical modeling using various CFD 

model will be summarized to study the hydrodynamic behavior of raceway ponds which includes hydrodynamic 

characteristics of raceway ponds, evaluation of hydrodynamic and mass transfer capacities of pond. This review 

conclude how the study of various parameter (mixing process, optimum production of biomass, sealant 

mechanism, and hydrodynamic behavior) can be supportive to plan a profoundly profitable raceway pond based 

on microbial culture framework. 

Keywords:Raceway Ponds, Hydrodynamic, CFD, Mass Transfer, Biomass, Sealant 

1. Introduction

Today’s global industrial growth and competitiveness have been based on the application of process 

control technology in production systems(Rock et al.1992).Microalgae have potential to convert carbon 

dioxide to biofuels, foods, feeds and high value bioactive (Schwartz 1990;Schenk et al 2008;Sheehan 

et al.1998;Shimizu et  al.2003) Many types of renewable biofuels can be processed by use of microalgae 

and includes production of methane using anaerobic digestion of algal biomass(Spolaore et 

al.2006);biodiesel produced from microalgae oil(Banarjee et al.2002;Dunhay et al.1996;Roessler et 

al.1994) and production of bio hydrogen by photo biologically(Shimizu.Y. 1996;Melis et al. 

2002;Kapdan et al.2006) The use of microalgae for production of fuel is not new but due to increase in 
price of petrol and concern about global warming its use become tremendous(Nagle et 

al.1990;Gavrilescu et al.2005;Sawayama et al.1995). Till date the only way of producing microalgae 

on large scale uses raceway ponds (Gavrilescu et al.2005 ; and Terry et al.1985) and photo bioreactors 

(Ugwu et al.2008). This paper aims to review to meet the challenges and discuss the potential of various 

parameters like mixing process, sealant mechanism, hydrodynamics and modelling technique for 

achieving sustainable raceway pond.   

2. Raceway Ponds

Raceway ponds are set up in individual or cluster of channels constructed by combining the individual 

raceways as depicted in figure 1. These channels may be constructed by using concrete or compacted 
earth or using plastic liners. The depth of pond is in between 15 and 30 cm, and to drive water around 

the framework the paddlewheels are mostly used (Schenk et al.2008). Pumps, airlifts are also used for 
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mixing but these are not widely used as compared to paddlewheels. The raceway pond is designed such 

that to work on fact that mixing should promote the exposure of algal cells to sunlight. The velocity of 

the pond is maintained at 10 to 20 cm-s-1 and proves to be effective; if velocity exceeds 30 cm s-1then 

energy consumption is too much (Sheehan et al.1998). For commercial use of algae raceway ponds are 

widely used because it is economical to maintain and construct such ponds (Borowitzka 2005). As open 

culture environment is maintained so careful monitoring is required to avoid contamination from 

atmospheric exposure. 

Figure 1: Raceway Pond with Paddle Wheel 

3. Photoreactors

The microalgae have been used for production of biofuel and as source of food due to its ability to 

accumulate compounds like lipids, carbohydrates (Chew et al.2018; Lorenz et al.2003) . The photo 

bioreactor is advancement over raceway pond and eliminates many disadvantages of raceway pond as 

shown in figure 2. It is closed framework used for production of algae biomass. Despite of many 

advantages it is not widely used because of its high cost of mass production (Molina 1999). These 

reactors may be flat plate, tubular or vertical column type depending upon the availability of space and 

other requirement. Table 1(Fedorov et al.2005;Teixeira et al.2012; Xu et al.2009) clearly explained the 

difference between raceway ponds and bioreactors.  

Figure2: Tubular Photo Bioreactor For algae Growth 

Table 1: Difference between photo bioreactor and raceway ponds 
S.N Raceway Pond Flat-Plate Tubular Vertical-

Column 

1 

Design 

characteristics 

Consist of closed-

loop recirculation 

channel (oval 

shape) 

Bioreactor with 

rectangular shape 

Consists of an array of 

straight, coiled, or 

looped transparent tubes 

Bioreactor with 

vertical arranged 

cylindrical 

column 

Constructed using 

concrete or closed 

pack earth lined 

pond integrated 

with white plastic. 

Constructed by 

using transparent 

plastic or glass. 

Tubes are constructed 

by transparent plastic or 

glass. 

The columns are 

usually made of 

transparent 

plastic or glass 

blending and 

circulation are done 

by paddle wheels 

Usually combined 

with gas sparger 

Exceptionally 

incorporated with a 

Generally 

integrated with a 
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pump or airlift 

technology 

pump or airlift 

technology 

The pond depth is 

kept in between 

0.2–0.5 m to ensure 

sufficient sunlight 

for growth of 

microalgae 

The depth depend 

on the type of 

micro algae strain 

used usually in 

range of 1.3 and 

10 cm 

The diameter of tube is 

restricted (0.1 m) to 

expand the 

surface/volume ratio 

Optimum 

diameter of 

column is 0.2 m 

and 4 m height 

2 

Advantages 

Construction and 

operation is easy 

Maximum 

exposure to 

surface area 

provides optimum 

use of solar 

energy. 

Maximum radiance 

surface area 

Mass transfer 

rate is high with 

good blending. 

Economical use of 

energy input 

Dissolve oxygen 

concentration is 

less. 

The production of 

biomass is high. 

Operation is easy 

and 

comparatively 

economical. 

3 

Disadvantages 

evaporation rate is 

more because of 

which water loss 

takes place 

Scale-up require 

many 

compartments and 

support materials 

 Area required is large 

because of extended 

tubes 

Small 

illumination 

surface area 

Managing 

temperature and pH 

is difficult 

maintaining 

culture 

temperature is 

difficult 

Potential in 

accumulating high 

concentration of 

O2 (poison to 

microalgae) in culture 

medium if tubes are too 

long 

The use of  airlift 

system prevent 

the 

sedimentation of 

cell 

There are chances 

of contamination 

If CO2 concentration is 

decreased along the tube 

there may be chances 

microalgae is deprived 

of carbon source. 

4. Mixing methods

The continuous blending of algae is maintained by use of paddlewheels in raceway ponds. The similar 

density of the culture can be maintained by complete mixing. The eddy produced by paddlewheel 

ensures the reduction of time of algae stay in dark state. The laminar flow at low speed ,decrease the 

yield of lake; however for increase speed the energy requirement will be more to generate new velocity 

(Stephenson et al.2006).This state that if blending speed values more than 30 cm s− 1then energy cost 

will increase (Vasudevan et al.2012).Algae ponds behave as plug-flow system. However, for treatment 

of toxic contaminant the reactor is preferred to maintain homogeneous condition as presence of 
contaminant lower the chance of microalgae inhibition. The emergence of anaerobic areas is restricted 

by mixing and therefore decreased the weight transfer limitations (Rowe et al.2012). The mixing device 

should be selected such that it should have potential to reduce the shear stress acting on micro algal 

cells (Barrington et al.1988 and Lorenz et al.2003). Gudin and Chaumont (1991) suggested that when 

airplane suspension is used in place of pump than 75% increased production of microalgae is reported. 

However, in open ponds paddlewheel is widely used to plant algal mass as it provides good blending 

with low cost. 

5. Sealing Mechanism of unlined pond

Algae culture using pond lined for production of biofuels and bio products are notable source of both 
capital cost and greenhouse gas emissions, which can be reduced by use of unlined pond. Cultivation 

of algae using unlined pond create attention on nutrient leakage and biological contamination. The 
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review focus on possible use of unlined pond for algae growth and physical or biological sealing of 

unlined pond. The sustainability of algae pond depends on pond design, particularly the pond is lined 

or not, and the material used for lining. The use of unlined ponds for waste water treatment, aquaculture 

and livestock waste has been operated for decade. The use of algae contributes to bio clogging and 

effect the efficiency of sealing process (Pattullo et al.2019; Ragusa et al.1994).In area of maximum 

sunlight for municipal solid waste treatment use geomembrane liner is done which become porous to 

ionic species after few years (Rowe et al.2003). The lining by using geomembrane can cause leakage 

and can be affected by temperature and solar radiance (Rowe et al.2012). In comprehensive study by 

US industries reported that around 12% of liners are leaked, although age, type or location of liner was 

not reported (Weissman et al.1988). Small loss of nutrient and solvents were reported in some catfish 

ponds (Dunahay et al.1996), nutrient budget changes are negligible (Daniels et al.1989). 

Table 2: Difference between Lined and Unlined raceway pond 
S.N Parameter Lined raceway Pond Unlined raceway Pond 

1 Capital cost Expensive(Reed et al.1985; Tucker et 

al.2008) 

Cheap(Reed et al.1985; Tucker et 

al.2008) 

2 Maintenance cost Expensive(Reed et al.1985; Tucker et 

al.2008) 

Cheap(Reed et al.1985; Tucker et 

al.2008) 

3 Greenhouse emission Greater emission from material life 

cycle perspective.(Canter et al.2014) 

Lesser emission due to elimination of 

plastic liners.(Canter et al.2014) 

4 Material used geomembranes made from plastics such 

as high-density polyethylene (HDPE), 

chlorosulfonated polyethylene (CSPE), 

plasticized PVC, and flexible 

polypropylene (Ng.2008) 

No such lining material is used only 

algae will be act as material. (Ng.2008) 

5 Purpose To avoid the nutrient leakage and to 

prevent contamination in loosely packed 

soil. (Beal et al.2015) 

There is leakage of nutrient and 

contamination of soil. (Beal et al.2015) 

6 Life expectancy Within 30 years need to be 

replaced(Beal et.al.2015; Davis et 

al.2012 & 2016; Efroymson et 

al.2016;Hsuan et al.1998; Stephenson et 

al.2010) 

No replacement is required only bio 

clogging will be the problem(Beal et 

al.2015; Davis et al.2012 &2016; 

Efroymson et al.2016;  Hsuan  et 

al.1998;  Stephenson et al.2010) 

7 Contamination Biological contamination is reduced to 

some extent(Mata  et al.2010; McBride 

et al.2014) 

Chances of biological contamination 

and silt deposition. (Mata et al.2010; 

McBride et al.2014) 

8 Hydrodynamics If roughness coefficient is low for 

mixing then mixing velocity will reduce 

which make the flow too laminar. This 

will reduce the productivity of pond and 

increase the cost of both biomass and 

product.( Benemann et al.1996; 

Venteris et al.2014) 

The sediments present in suspension 

can hinder the velocity of water in 

paddlewheel mixing and lessen the 

yield of pond. The hydraulic 

conductivity is low because of high 

clay content or soil. .( Benemann  et 

al.1996; Venteris et al.2014) 

9 Power Consumption  Less energy consumption, as liners 

influence the ventilation greenhouse gas 

emissions. (Weissman et al.1988) 

Energy requirement is more to keep the 

cell in suspension.(Weissman et 

al.1988) 

10 Self-sealing 

Mechanism 

Geotextile layer of 1 cm thick embedded 

with concrete is used to reduce chances 

of scouring from corners(Craggs et al. 

2015 ; Lundquist et al.2010) 

 Algae ponds itself is self-sealing ,but 

clay content of soil should be low 

(Craggs et al.2015; Lundquist et 

al.2010) 

11 Biomass productivity Higher cost of biomass produced with 

lesser yield.( Davis et al.2016) 

Lower cost of biomass produced with 

greater yield.( Davis et al.2016) 

Unlined algae pond leads to clogging of soil. Phenomenon of reducing saturated hydraulic conductivity 

incorporates soil particle rearrangement, accumulation of microorganism and metabolites in soil voids, 

and capture of fine soil particle. The soil ranging from sand to clay loams shows decrease in hydraulic 

conductivity in very shorter period after construction therefore abolish the requirement of plastic liners. 
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Weissman et al.(1989) studied that in clay soil using unlined pond when emptied shows more leakage 

of water by 3.5 x 10 -5cm.s-1 as compared to lined ponds. Some authors suggested that hydraulic 

conductivity can be reduced by using mechanical compaction of soil which also reduce the duration and 

range of leakage prior to self-sealing. Pattullo et al.(2019) explained the use of glycerol which is 

byproduct of transesterification in biodiesel production can act as source of carbon for bacteria which 

contribute to sealing. Lundquist et al.(2010) suggested scouring in unlined ponds can be eliminated by 

optimum mixing at velocity of 20–30 cm s -1. Benemann et al.(1996) suggested that some portion of 

pond should be lined to enhance the algal growth. The soil having low conductivity can be alternative 

for plastic liner and help to maintain the water quality and quantity.  Ponds using animal waste and 

aquaculture facilities prove that underlying soil exhibit self-sealing property and substantially eliminate 

the use of plastic liners. The soil acts as impermeable layer of fine and organic material and therefore 

reinforcing the accumulation of microorganism and their metabolites within pore space (Vasudevan et 

al.2012; Venteris et al.2014;Wang et al.2014; Weissman et al.1988 &1989). These phenomena reduced 

the volume and bonding of the pore space found in the liquid flow, resulting in a reduction in the height 

of the immersion of the soil under the ponds of animal waste (up to 10−7 cm s- 1) (Schwartz 1990;Davis 

et al.2016; McGauhey et al.1967). Pore clogging is significant with algae (Bouvarot et al.2014 ;Ragusa 
et al.1994). 

6. Hydrodynamic behavior of ponds

Many studies have explained the fluid flow widely used in maximum yield of microalgae in raceway 

ponds which is a bioreactor (Borowitzka 1999 & 2005; and Nagle 1990) . These studies depict the effect 

of RP geometry on energy consumption of paddlewheels and also constitute the larger production cost. 

Apart from hydrodynamics, there is a need to focus on local distribution of fluid velocities. The purpose 

of consideration is to reduce standing region within the flow which lower the RP yield. Mendoza et al. 

stated the fluid dynamics for real scale raceway pond (100 m length ×1 m wide). The study aims to 

assess the impact of design and performance variability water depth, water speed and presence / absence 

of sump baffles to improve CO2 efficiency) in energy consumption, duration and mixing. Liffman et 

al.(2013) focuses on modeling various less power consumption with different configuration raceway 

ponds. Energy loss upto 87% were achieved with different configuration as compared to the pond of 

conventional bends. In addition, the yield of biomass was improved with reduction of stagnation 

regions. Sompech et al.(2012) studied different configuration of raceway pond by considering energy 

consumption and stagnation zone for various flow velocities. Power consumption for mixing was 

studied using CFD models. The author completely removes the dead zones and suggested to enhance 

the energy efficiency the use of configuration having at least three semiconductor deflector baffles and 

an advances end of central divider. Huang et al.(2015) applied Particle Image Velocimetry (PIV), to 

validate CFD simulations. Slopping baffles and flow deflectors are integrated to enhance the rate of 

blending and lower the energy consumption. Zeng et al.(2016) studied hydrodynamic features of 

raceway pond with different paddlewheel (integrate traditional with new configuration of inclined 

blades) for validating results of simulation using PIV.Two turbulence models were tested using CFD 

simulation; Large eddy simulation (LES) and k-ε model. LES has proved to be more accurate than k-ε 

model to depict turbulence kinetic energy using PIV experiments. The result also concludes that the 

blade of paddlewheel having inclination of 15° provide better blending with provided power 

consumption and productivity was increased by 17% as compared to traditional one. Chiaramonti et 

al.(2013) proposed new RP, with new approach of reduction of culture depth(limited to 5 cm) which 

enhance the biomass concentration. The axial pump is used to improve energy efficiency instead of 

paddlewheel. The result concludes that if the flow velocity is reduced with bluff bodies in the water 

flow then high energy saving can be achieved.CFD model were used to estimate head loss in RP and 

observed more at bend. CFD studies in tubular PRB aims to reduce power consumption. The 

modification in tubes with low fluid velocity increase flow turbulence (Melis et al.2002). The 

modification attains better mixing efficiency as compared to traditional PBRs at velocities between 0.20 

and 0.25 m/s; also energy consumption is reduced in between 60% and 80%.Wongluang et al.(2013) 

studied dead zones in U-bends and 90° elbows in standard tubular PBR. This situation leads to decreased 

biomass productivity, increased power consumption and formation of deposits. Possible designs were 
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recommended using CFD modeling (radius of curvature of 0.35 m with U- bends; 90° elbow with a 

radius of curvature of 0.3 m) which results in reduced energy loss up to 15%. 

Hydrodynamic Modeling 

In open raceway pond the flow velocity distribution is achieved by using CFD software ANSYS Fluent 

v.14 , ANSYS Inc, (2014). The 3D transient sliding mesh approach is used to simulate the rotation of

paddlewheel. The pond will behave as fixed domain, while paddle wheel as rotating domain. To explain

turbulent flow conventional k-ε turbulence model were used. The SIMPLE algorithm is used to solve

equation with residual based convergence of 1x10-4 applied in all simulations. Hreiz et al.(2014) studied

impeller geometry effect on hydrodynamic of RP using Pulsed Ultrasonic Doppler Velocimetry and

CFD to validate experimental result. Ali et al.(2015) introduced novel tracer method for numerical

calculation of mixing length of algae particle in raceway pond. Huang et al. (2015) validate CFD model

using Particle Image Velocimetry in RP. The hydrodynamic behavior of four different raceway ponds

using CFD was studied. James and Boriah (2010) and Park and Li (2015) studied the CFD model to

establish the interaction of biological kinetics to model growth of microalgae in open raceway pond. In

addition, authors have elaborated the study of fluid dynamics on large scale raceway pond to enhance

the process conditionsby taking into account the effect of pond depth and paddle wheel velocity. Yang

et al.(2016) studied the vortex flow field by CFD using up-down chute baffles for movement of biomass.

The authors also suggested the effect of light/ dark (L/D) cycle period, vertical fluid velocity and partial

algae time in the light and L / D time for different speed of paddlewheel and micro algal concentration.

Liffman et al.(2013) studied different model of raceway bend configuration using CFD to design

reduced energy consumption bend for RWP. Two methods were used to reduce energy by removing

flow separation region and reduction in kinetic energy losses. Some authors have reported various

mixing and velocity pattern, dead zone, power consumption and growth kinetics of algae. Wang et

al.(2014) summarizes use of CFD in bioenergy industry like bioreactor modeling for algae cultivation.,

modeling of anaerobic digester in production of biogas from biomass. Recent CFD studies on different

algal framework using different software is summarized in table 3.

Table3: Recent CFD studies focusing different PBRs 
Photo bioreactors CFD Code Modeled Phenomena 

Raceway pond 

EFDC FD; MT; LS: Steel's equation; BK (Craggs et al.2015) 

CFX FD: k-ε model (Zeng et al.2016) 

CFX 12 FD: k-ε mode(Zeng et al.2016) 

COMSOL 4.4 FD: k-ε model; Particle tracking model (Park et al.2015) 

FLUENT 14.5 FD: standard k-ε model and k-ω model; LS: Beer-Lambert's law; 

MT: Henry law; BK: Monod model; EV: 120 m3 outdoor 

raceway pond (Park et al.2015) 

CFX 12.1 FD: standard k-ε model; EV: PIV with 168 L raceway pond.( 

Melis 2002) 

CFX 12.0 FD: LES and k-ε models; EV: PIV with 3 m3 raceway pond 

(Molina1999) 

Internal air-lift CFX 4.2 FD: k-ε model; EV: two configurations of PBR (Mitsuhashi et 

al.1995) 

Air-lift flat panel 

CFX 5 FD: k-ε model; EV: 15 L and 300 L PBRs.( Singh et al.2005) 

FLUENT 6.3 FD: k-ε model; EV: 12.8 L PBR (Singh et al.2005) 

Tubular 

FLUENT 6.0 FD: standard k-ε model; Particle tracking model; LS (Barrington 

et al.1987) 

FLUENT 12.1 FD: realizable k-ε model; Particle tracking model; LS 

(Vandevivere et al.1992) 

FLUENT FD: standard k-ε model (Vandevivere et al.1992) 

COMSOL FD: k-ε model; Particle tracking model (Daniel et al.1989) 

Flooded bed FLUENT 6.3 FD: k-ε model; MT: MT: Akita and Yoshida equation; BK: 

Monod model (Venteris et al.2014) 

FD – Fluid Dynamics; EV – Experimental Validation; BK – Biological Kinetics; LS – Light Supply 
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7. Future study

Future research need to focus on reducing production cost by employing new material and methods in 

many areas like metabolic and genetic engineering, algae processing equipment, simulation model and 

many more. The biomass production and fuel content can be enhanced by molecular level engineering 

by reducing algae sensitivity to culture conditions, like light, oxygen, temperature etc. (L.Xu et al.2009). 

Algae residue proves efficient to lower the biofuel cost upto certain limit. The avaibility of economical 

technology will help to convert carbohydrate of algae to ethanol. The use of photo bioreactors is 

restricted because of its high cost. Therefore, the research on construction of low building cost and high 

thermal insulation can make the use of PBRs more widely used. In raceway ponds focus is needed for 

enhancing mixing performance and cost. Also to reduce the chances of pollution the culture condition 

need to be improved for better biomass yield. Salinity of soil is important environment problem (Salama 

et al.1999) .There is need of research to know salt ponds can be used with insignificant water loss. The 

effect of salinity in soil need to be studied that leads to clogging. There is a need to understand the rate 

of water loss before algal pond closure, the time period for sealing, and ways to boost the process of 

closing new ponds. The economic viability and additional factors need to be studied for potential cost 

saving. 

Conclusion:- 

From literature review it has been concluded that raceway ponds are the only economic viability for 

algae growth and to increase its yield its necessary to understand the various design parameters like 

mixing, sunlight exposure etc. Photo bioreactors are advancement over raceway pond but still not paid 

much attention due to high maintenance and construction cost. Although maintained condition and good 

productivity can be achieved by using photbioreactors. The comparison demonstrated in table1 clearly 

state that tubular photo bioreactor can be best used for biomass production. The productivity of the pond 

can be increase by using unlined pond as researchers suggest that it has many advantages as compared 

to lined pond. There is problem of bio clogging in unlined pond which needs future research attention. 

The unlined pond has reduced nutrient loss, soil contamination and increase the pond productivity thus 

reducing the cost of product. Mixing in algal pond can be done by using pumps, airlifts, gas impinges, 

but paddlewheels proves to be suitable device for mixing in raceway ponds as it ensures the maximum 

exposure of sunlight for microalgae cells and also cost effective as compared to other means of mixing. 

To study the hydrodynamic behavior of pond. CFD modeling tool is used and it proves to be an effective 

tool to determine the performance in photo bioreactors. Most of the study using CFD is done on photo 

bioreactor. Mixing and light distribution pattern can be understood by using CFD modeling. Most of 

the study was done using simple algorithm and using k-ε model. The nutrient consumption and algal 

growth can be estimated by using dynamic models. In raceway pond CFD is using to understand the 

mixing mechanism of paddlewheel with different configuration and found that paddlewheel with 

inclination of blade upto 17% increase the productivity of pond. Hence the overall study state that for 

maximum production of biomass with low cost of bio product the raceway unlined pond with 

paddlewheel of inclination up to 17% has proved to be effective. 
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Abstract 

Dams are essential to produce more crops and to generate clean hydropower. In a largely populated 

countries like India, dams play important role in achieving zero hunger and to provide clean water and 

energy. Safety of such structures is utmost priority for state authority as the failure of the dams lead to 

catastrophe in downstream areas. Dam break analysis are done to for each large dam to investigate the 

dynamics and spread of flood wave caused by dam break. In this study a numerical experiments of dam 

break are demonstrated using HEC-RAS. Study area selected for this study falls in Lower Mahi basin 

and it starts from Kadana reservoir to 30 km downstream of Wanakbori weir on Mahi River. Flow 

geometry of model area is generated in HEC-GeoRAS and ID HEC-RAS Model is constructed for 

unsteady flow simulation. The overtopping failure is created with two events as 2006 flood and design 

flood. Three breaching scenario is simulated for each event named as 2006 flood and design flood. The 

maximum discharges, water levels, velocities and flood travel times at different locations of the river 

downstream of the dam are analysed. Inundation mapping is also carried out using RAS Mapper. The 

inundated area under dam break condition is found slightly more than that without dam break. The 

results from this study can be further useful for development ofEAP and Restriction of Construction in 

flood prone zones. HEC RAS is found to be very useful tool for investigating different scenarios of 

Dam break. 

Keywords: Dam break, HEC-RAS, Mahi River, Kadana Dam 

1. Introduction

According to ICOLD report, total numbers of large dams in the world are 55028 and historically, all 
types of dam have experienced failures due to one or more types of loading and also there are many 
mechanisms that can be responsible for dam failure such as Flood event, Seepage, Land slide, Earth 
quake, Foundation failure etc. So continuous condition assessment and performance based maintenance 
of dams are necessary for the safety of these structures. By taking Proper maintenance and care of the 
structures, even though Sometimes due to manmade mistake or natural disaster failure of dam still 
occurs. Hence, more emphasis should be given to better flood management by preparing emergency 
action plan and designing EAP and early warning system to minimize damages rather than prevention 
of flood. It is not possible to get exact idea of flood inundation on the downstream region of dam site at 
the time of disaster like dam break .So by carried out hypothetical analysis of dam break in advance 
and get information like area affected by flood, depth water, travel time at different locations in 
downstream side of dam and minimize the human as well as economic losses at the time of such type 
of disaster. 

Dam failure may be gradual or instantaneous. Concrete dam generally fails by sudden failure due to 
overtopping only while earthen dam fail due to Piping or overtopping by erosion of material. Generally 
dam failures are classified into three categories they are hydraulic failure, structural failure, and seepage 
failure. While HEC-RAS hydraulic computation are generally limited to overtopping and piping failure 
mode all other failure mode can be simulated with one of these two methods. 
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The study reviews various literature in the field of general steady/unsteady simulation and dam break 
modeling of a dam using HEC-RAS software and preparation of inundation map using the results 
obtained from RAS mapper tool within HEC-RAS. In this study, the starting point of the river line 
starts from Kadana reservoir and extends to the confluence of Mahi River and Panam River named as 
Upper reach. Similarly second reach starts from the confluence point and extends to 30km 
downstream of Wanakbori weir named as Lower reach. 

1.1 Study area 

This study area is falls in Mahi Basin. There are 15 completed major/medium irrigation/multi-purpose 
projects in Mahi Basin. Important projects are Mahi Bajaj Sagar, Kadana reservoir, Wanakbori weir & 
Panam reservoir Dam break Analysis is carried out for Kadana dam with different scenarios. HEC-
RAS Model is setup for Mahi river reach. Total length of Mahi River in this model is 118 km from 
Kadana dam and 141.4 km from reservoir section. Section O represent Kadana dam site at chainage 0.0 
km and section 104 represent end of upper reach of Mahi river at chainage 46 km from Kadana dam. 

1.2 Methodology 

Model for Dam break study is developed using HEC-GeoRAS and HEC-RAS software. Geometry of 
the model prepared in HEC-GeoRAS and Export to HEC-RAS, Dam break simulations are performed 
in HEC-RAS for different scenario. Kadana dam is earthen type so Overtopping is performed, two 
event is considered as an inflow hydrograph 2006 flood and design flood and hydraulic analysis of 
breaching scenario is conducted for each event named as Base line scenario, breach section. Flood 
Inundation maps are Prepared in RAS Mapper tool within HEC-RAS. Dam break modeling involves 
prediction of breach parameters (shape and size of breach and time of failure), this task is very 
sensitive in dam break modeling because it's difficult to get exact size and location of the breach within 
dam structure. Breach outflow hydrograph is estimated at inline structure, which is then routed to 
downstream of a river reach and then hydrograph at different downstream sections up to the point 
considered on the river are predicted. In this study, Dam break parameter is find out using 
USACE 2007 (FERC) guideline as shown in table 1. Breach sections is computed for overtopping 
and then result of breach compared with base line scenario. 

Table 1 Calculation of Breach parameter using USACE  guideline 

2. Experimental program

Dam break Analysis is carried out for Kadana dam with different scenarios .. HEC-RAS Model is set 
up for Mahi river reach. Total simulation duration of model is 2 days for Kadana dam .breach analysis 
starts from 12-May-2020 to 14-May 2020. In this study. Table 2 shows total Scenarios are simulated in 
this study including all base line scenario and breach scenario. 

Table 2 Various Cases 

Dam Dam type Breach 
Case 

Average Breach 
width  

Horizontal Component of 
Breach Side Slope (H) 
(H:V) 

Failure Time 
(hours) 

0 to 1.0 0.1 to 4.0 
Kadana 
Dam 

Earthen/Rockfill 
Earthen Normal 

Breach 

(0.5 to 5.0) x HD* 
2.2*51.73=113.81
m 

0.8 2 

Sr. 
no. 

Event Case Case Name 

1. Overtopping Failure

K2006-BS1 
K2006-ON2 

2006 Flood(Kadana dam)

Design Flood(Kadana dam) KD-BS1, 

Base Line Scenario 
Breach scenario 
Base Line Scenario 
Breach scenario KD-ON2 
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2.1 Input data and model setup 

The dam break model set up consist ofreservoir, inline structures and bridges. 

Reservoir 

The reservoir has been modeled using full dynamic routing method in the model by generated cross 
sections at particular interval. The cross sections should extend as far as the highest modeled water 
level, which normally will be in excess of the maximum water level. 

Inline structures 

Figure 1 HEC-RAS Model set up for Kadana dam with breach section 

Bridge 

There are total 8 bridges in this study area, out of which 4 are located on upper reach and other 4 are on 
Lower reach of Mahi River. 

Figure 2 Bridge located at 54.91 km in Lower reach 
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2.2 Model validation 

In order to validate the numerical model it is important to compare the results of the numerical 
simulation to the experimental ones. In this study, we conducted the unsteady flow simulation with 
prepared model and numerical results are compared with the real data from ewe department. Inflow 
data is taken from the ewe website and compared the simulated stage hydrograph ofWanakbori with 
the stage hydrograph from ewe data as shown in figure 3. As a conclusion, travel time obtained from 
simulated result is 6 hr from Kadana dam to W anakbori weir which is similar to the time lag given in 
the ewe data. 

Figure 3 Validation of Water level at Wanakbori Weir 

3 Result and discussion 

In Kadana dam break analysis, for analysis and discussion of result, Total 12 cross-sections are selected 
as shown in figure 4 with red line. Out of which 6 stations are in upper reach and other 6 are in lower 
reach of Mahi River. These stations are selected nearer to villages and irrigation areas. 

Figure 4 longitudinal profile of Mahi River 
3.1 Overtopping Failure 

Overtopping phenomenon is performed for Kadana dam. According to type of the dam, breach 
parameters are calculated using USACE-2007 guideline. Table 3 and 4 shows base line and breach 
scenario result for 2006 flood event while table 5 and 6 shows for Design flood event. 
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Table 3 Summary of Baseline Scenario-2006 flood 
Sr. 
No. 

Selected 
Location 

Type of 
Section 

Chainage Peak 
discharge(m3/s) 

Travel 
time(hr) 

Velocity 
(m/s) 

Max. 
Depth(m) 

a. From Kadana to  Confluence Point(46.16 km) 
1 142841.1 Cross-

section 
-23km 32925 - 0.42 42.76 

2. 121823.6 Kadana 
dam(IS) 

0 46071 25.55 

3. 119532.1 Cross-
section 

2.25 45095 50 min 5.14 26.55 

4. 107214.8 Bridge-1 4.63 47725 1 26.45 
5. 89451.73 Cross-

section 
32.3 38828 3 6.39 22.36 

6. 80739.14 Cross-
section 

46.16 37462 4 4.63 27.89 

b. From Confluence point to end of Mahi river(118.40 km) 
7. 73515.64 Cross-

section 
46.19 39741 6 4.19 20.84 

8. 64699.23 Bridge-5 54.91 39264 7 20.57 
9. 49475.35 Wanakbori 

Weir(IS) 
70.22 38830 11 15.05 

10. 29731.29 Cross-
section 

89.98 38758 12 4.40 13.52 

11. 18783.55 Cross-
section 

100.93 38945 12 3.76 17.24 

12. 1351.829 Cross-
section 

118.40 38945 15 4.45 17.92 

c. Panam river 
13. 7222.753 Cross-

section 
22.80 4524 8 0.82 12.64 

14. 714.078 Cross-
section 

16.3 4524 8 0.64 17.4 

Table 4 Summary of breach Scenario-2006 flood 
Sr. 
No. 

Selected 
Location 

Type of 
Section 

Chainage Peak 
discharge(m3/s) 

Travel 
time(hr) 

Velocity 
(m/s) 

Max. 
Depth(m) 

From Kadana to  Confluence Point(46.16 km) 
1 142841.1 Cross-

section 
-23km 32925 0.42 42.76 

2. 121823.6 Kadana 
dam(IS) 

0 69551 6 5.48 29.04 

3. 119532.1 Cross-
section 

2.25 68551 1 6.06 29.96 

4. 107214.8 Bridge-1 4.63 61055 1 9.35 28.54 
5. 89451.73 Cross-

section 
32.3 54164 4 7.72 24.6 

6. 80739.14 Cross-
section 

46.16 51311 5 5.71 30.12 

From Confluence point to end of Mahi river(118.40 km) 
7. 73515.64 Cross-

section 
46.19 53145 6 15min 4.64 23.05 

8. 64699.23 Bridge-5 54.91 52299 8 6.14 22.66 
9. 49475.35 Wanakbori 

Weir(IS) 
70.22 50909 11 6.56 15.88 

10. 29731.29 Cross-
section 

89.98 50152 13 4.80 15.65 

11. 18783.55 Cross-
section 

100.93 50146 13 4.10 19.59 
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12. 1351.829 Cross-
section 

118.40 50051 14 4.88 20.08 

Panam river 
13. 7222.753 Cross-

section 
22.80 4524 9 0.64 14.8 

14. 714.078 Cross-
section 

16.3 4545 9 0.45 19.61 

Table 5 Summary of  Baseline Scenario-Design flood 
Sr. 
No. 

Selected 
Location 

Type of 
Section 

Chainage Peak 
discharge(m3/s) 

Travel 
time (hr) 

Velocity 
(m/s) 

Max. 
Depth(m) 

From Kadana dam to  Confluence Point(46.16 km) 
1 142841.1 Cross-

section 
-23km 49497 - 3.14 42.91 

2. 121823.6 Kadana 
dam(IS) 

0 54184 - 4.62 27.24 

3. 119532.1 Cross-
section 

2.25 54161 3 min 5.25 28.33 

4. 107214.8 Bridge-1 4.63 51347 2 8.10 27.89 
5. 89451.73 Cross-

section 
32.3 49494 4 7.26 24.27 

6. 80739.14 Cross-
section 

46.16 49490 4 15 5.38 30.15 

From Confluence point to end of Mahi river(1518.40 km) 
7. 73515.64 Cross-

section 
46.19 53987 7 4.64 23.36 

8. 64699.23 Bridge-5 54.91 53970 10 6.15 23.06 
9. 49475.35 Wanakbori 

Weir(IS) 
70.22 53965 14 6.76 16.17 

10. 29731.29 Cross-
section 

89.98 53950 14 4.89 16.28 

11. 18783.55 Cross-
section 

100.93 53947 15 4.21 20.32 

12. 1351.829 Cross-
section 

118.40 53945 18 5.01 20.76 

Panam river 
13. 7222.753 Cross-

section 
22.80 4530 10 0.87 15.13 

14. 714.078 Cross-
section 

16.3 5000 10 0.62 19.92 

Table 6 Summary of  breach Scenario-Design flood 
Sr. 
No. 

Selected 
Location 

Type of 
Section 

Chainage Peak 
discharge(m3/s) 

Travel 
time(hr) 

Velocity 
(m/s) 

Max. 
Depth(m) 

From Kadana dam to  Confluence Point(46.16 km) 
1 142841.1 Cross-

section 
-23km 49475 - 2.76 42.88 

2. 121823.6 Kadana 
dam(IS) 

0 80341 - 5.97 30.26 

3. 119532.1 Cross-
section 

2.25 79781 Instant 6.53 31.04 

4. 107214.8 Bridge-1 4.63 67888 1 9.89 29.9 
5. 89451.73 Cross-

section 
32.3 61252 3 8.30 25.55 

6. 80739.14 Cross-
section 

46.16 58158 5 6.19 31.07 
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4 Conclusion 

1. DEM (USGS, SRTM) of the study area has been successfully used to generate cross sections
of the Mahi river flow system.

2. Reservoirs ofKadana Dam is created by level pool routing method using Srtm DEM data.
3. Baseline scenario is selected using extreme event of2006 flood and the design flood condition

for overtopping failure .For evaluating the effect of Overtopping failure, breach scenario is
selected based on USA CE 2007 guideline according to type of the dam.

4. Model validated with past flood event and compared simulated and observed water level at
Wanakbori Weir.

5. In breach scenario, at Kadana dam the peak values for the 2006 flood event and the design
flood event were observed as 69583 m3/s and 80341 m3/s respectively which are 110% and
60% higher than that without breaching(baseline).

6. In the case of the 2006 flood, the peak flood took 14 hours to reach the last cross-section of the
study area from Kadana Dam, while in a design flood event, it took 18 hours to reach the last
section for broad breach scenario case.

7. Comparing the baseline Scenario and the breach scenario in the case of2006 floods, 43 villages
have been submerged, of which 24 villages are in the upper reach of the Mahi river, 3 villages
in the Panam tributary are affected due to backflow and 16 villages are in the lower reach of
the Mahi river. Two villages Kadana and Khodiyar, just 1.5 km from Kadana Dam, have been
completely submerged. Due to the backward flow in Bhadra river which is a tributary of Mahi
river, water flows up to 9 km from the right bank of Mahi river.

8. Lunawada; the administrative headquarters of the Mahisagar district is in a dangerous zone due
to floods on both sides of the river. Indore-Ahmedabad National highway which is 10 km from
left bank of river also affected. There are a total of 10 bridges in this study area out of which 8

are on Mahi and 2 are on Panam River. 8 bridges are completely submerged. The last one bridge
of both the rivers is safe.

9. In case of Design Flood, Total 53 villages have been affected by the floods in broad breach
scenario .Compared to the floods of 2006, 10 more villages have been flooded. Near Bokanala
village, Water has come in an area of 3 km extension from the river bank. Here 9 bridges are
completely submerged, the only one left which is the last bridge of the study area on the Mahi
River.

10. Due to the breaching of the dam in the design flood event, 60 km2 extra area is under inundation
in the downstream of Kadana dam while in 2006 flood 97 km2 extra area is under inundation
compared to the inundation area of baseline scenario.

From Confluence point to end of Mahi river(118.40 km) 
7. 73515.64 Cross-

section 
46.19 61853 7 4.89 24.37 

8. 64699.23 Bridge-5 54.91 9 6.45 24.01 
9. 49475.35 Wanakbori

Weir(IS) 
70.22 60511 13 7.22 16.62 

10. 29731.29 Cross-
section 

89.98 59937 16 4.37 17.34 

11. 18783.55 Cross-
section 

100.93 58832 16 5.9 21.39 

12. 1351.829 Cross-
section 

118.40 58839 18 5.01 21.73 

Panam river 
13. 7222.753 Cross-

section 
22.80 4530 10 0.59 16.1 

14. 714.078 Cross-
section 

16.3 5000 10 0.40 20.93 
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Abstract 

The seeping of water through the body and below the base of hydraulic structures is of paramount 
importance for civil Engineers in design of such structures. A huge amount of money is generally spent in 
India for seepage control. On other hand, fly-ash, resulting from the burning of pulverized coal, available 
in huge amount as a waste product from thermal power plants, causes environmental pollution and storage 
problem. Recent development of Nano-technology and its possible application in various fields of 
engineering and science are reported in literature. The application of Nano-particles in the field of water 
resource engineering is least attempted. In the present study, a combination of various sizes of fly-ash 
mixed in varying percentages by weight was subjected to permeability test. The mixture giving the least 
permeability was mixed with fly-ash Nano particles ranging from 5%, 10%, 20%, 30% and 40% by dry 
weight of mixture to get a further reduction in the value of permeability. This research paper reports the 
efficacy of Nano particles of fly-ash collected from Harduaganj thermal power station as an additive in 
reducing the permeability of fly-ash. The low permeable mass so developed can be used in canal and 
embankments to control seepage. 

Key words: Fly ash; Nano-particle; Permeability; Scanning Electron Microscope 

1. Introduction

Fly ash is the fine particulate waste material produced by pulverized coal-based thermal power stations. 
Indian coal has high ash content (35% - 45%) and low calorific value (3500 kcal/kg - 4000 kcal/kg) as a 
result of which huge quantity of fly ash is generated which lead to problems of its disposal. Generally one 
acre of land is required per megawatt of power generation. The recycling of fly ash has become an 
increasing concern in recent years due to increasing landfill costs [1]. The types and relative amounts of 
incombustible matter in the coal used affect the chemical composition of fly ash. More than 85% of the 
fly ashes consists chemical compounds of silicon, aluminum, iron, calcium, and magnesium [ 5]. Recently 
fly-ash has gained importance and popularity as a partial replacement of cement in concrete mix designs 
[1]. It has a potential to be a resource material for civil engineering construction. Pandian et.al.[15] 
reported that Fly-ash has a low value of specific gravity ranging between 1.6 to 2.2, and suggested its use 
in large quantities in the embankments on comparatively weaker soils. Shear strength and California 
bearing ratio (CBR) parameters were reported to be increased with fly ash and cement [14].Plasticity, 
hydraulic conductivity and swelling properties were reported to be decreased with increase in fly ash 
content [ 16]. Shear strength, CBR and bearing capacity values were increased with fly ash ranging from 
9% to 46% [17]. Improvements in CBR values with cement stabilized fly ash with granular blast furnace 
slag for base and sub base courses in highways were reported [21]. 

Gupta and Alam [5] studied the seepage characteristics of Fly-ash from Dadri thermal power station 
situated in U.P. (India). They related permeability with the different average sizes of Fly-ash, which 
shows a non-linear variation, and tried to get a optimum combination of different sizes in order to get low 
permeable mass. They found that a mixture of 40% Fly-ash of 125 micron size and 60% Fly-ash of 45 
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micron size gives the minimum permeability. In order to reduce the permeability further, cement in 
different percentages was added to this mixture. It was observed that the mixture with 15% cement leads 
to the permeability in the lower range of clay (7.410xl0-6 emfs). The influence of cement on the 
permeability of the flyash collected from other sources was investigated by Gupta and Alam [6] and the 
similar results were obtained in these cases also. Gupta and Alam [7] carried out an experimental study to 
explore the optimal mixture of Fly-ash-sand with cement for its use in shell as well as core material in the 
construction of flexible dams. Gupta and Alam [8] carried out a physical model study to explore the use 
of Dadri Fly-ash having lowest permeability with cement for the construction of low height dams. A 
mixture of flyash with 5% cement in the shell and with 15% cement in the core was found to be optimal 
mixture that maintains the pheratic line well within the core of the dam. 

Alam et.al [2] conducted an experimental study to use Fly-ash in the production of brick tiles to be used 
in roof terracing works in buildings. They tried to explore the optimum ratio of materials with Fly-ash as 
main constituents and fine sand, coarse sand, stone dust and lime as secondary constituents to give 
minimum permeability. Three types of Fly-ash brick tiles were made with varying combinations giving 
least permeability. Ordinary Portland cement was used as a binding material and to achieve economy the 
quantity of cement was kept constant in all combinations as 10%. The tiles were tested for compressive 
strength. The strength achieved was less than the available clay brick tiles in the market but sufficient 
enough to be used in roof terracing works. Fly-ash based brick tiles are cost effective because at the site 
of thermal power plants, Fly-ash is available free of cost and more over there is a saving of irrigable top 
soil. 

Nanotechnology is an emerging field related to the understanding and control of matters at nano-scale. 
Some remarkably specific properties and functions are exhibited when materials reach nano-size. Recent 
developments of nanotechnology show significant promise in addressing many of the challenges in 
various areas. To date, applications and advances of nanotechnology have injected new vitality into 
cement and concrete materials. Raki et al. [18] reported that the use of the Nano particles in the cement 
concrete increases the compressive strength. 

Li et al. [10] reported that the nanoparticles can improve the characteristics of concrete. The application 
of Nanotechnology has also been attempted to reduce the corrosion. Protective coatings have been 
considered as the commonly used method for corrosion-control [11, 9]. In recent years, in the field of 
surface coatings, Nanotechnology has been introduced to improve quality of industrial paints. The use of 
nanoparticles in desired ratio in paint formulations carries a lot of advantages. Coating industry is one of 
the first among all to utilize the potential of Nanotechnology [19]. 

Application of nanoparticles has tremendous potential as water-purification catalysts due to their large 
surface areas and size- shape-dependent optical, electronic and catalytic properties [13]. Nano cement has 
also been attempted to reduce roughness coefficient in case of channel flow [ 4]. Muthukumaran and 
prince [12] carried out an study on the use of Nano Materials for reducing Roughness Coefficient in Open 
Channels. The application of silicate Nano-particles as a floor coating material of the channels had been 
investigated and studied in a hydraulic flume. It was reported that there is a decrease of 16 to 38% in the 
Manning's coefficient as compared with the normal cement concrete. Addition of nanomaterials results in 
the reduction of pore spaces thereby making the material dense and less permeable. 

Studies on nanomaterials reveal the diversity of applications in almost all the fields. There is enough 
evidence of success rates in the cement and concrete industry with the application of nanomaterials. 
However, there is still a wide scope in the field of water resources and geotechnical engineering, where 
more research is needed to establish the significance of these contemporary materials. In the present study 
an attempt has been made to extend the work reported by Gupta and Alam [ 5] by using flyash nano 
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particles in conjunction with fly ash by optimizing the proportions, and conducting simpler laboratory 
tests in order to get further reduction in the value of permeability of the mixture. The salient features of 
the study are presented in the present paper. 

2. Methodology

Particle size distribution test for Fly-ash was conducted as per IS: 2720 Part IV 1985. Ball milling 
machine was used to make Nano size particle from fly ash by using the facility of Interdisciplinary 
Nanotechnology Centre (INC) AMU, Aligarh. Scanning Electron Microscopy (SEM) was performed to 
determine the shape and size of Fly-ash and its Nano size particles. Energy-dispersive X-ray spectroscopy 
(EDS) was performed to determine the elemental analysis or chemical characterization of Fly-ash and its 
Nano size particles. Both SEM and EDS test were performed in University Sophisticated Instrument 
Facility (USIF), AMU, Aligarh. Specific gravity of fly ash was determined by density bottle test as per 
IS: 2720 (part-III/sec-I) 1980. Permeability was determined by performing falling head permeability test 
in the hydraulic laboratory of civil engineering department, AMU, Aligarh. 

2.1 Falling head permeability Test 

The falling head method of determining permeability is used for fine grained soils. In order to carry out 
the present experimental work, the required quantity of Fly-ash was collected from Harduaganj thermal 
power plant. Falling head permeameter test was carried out for a porosity of 40% which can be easily 
achievable in most of the granular materials. The mass of the Flyash required to fill the permeameter 
mould at 40% porosity was calculated by incorporating the volume of mould and specific gravity of the 
flyash to be filled. The required flyash was filled in three equal layers with proper required compactive 
effort. Before taking the permeability observations, the test bed was made completely saturated. For 
taking the permeability observations, standard procedure for falling head tests were followed and 
permeability was calculated by using following formula-

(1) 

K= permeability of Flyash in (cm/sec); a = area of stand pipe (cm2); A = cross sectional area of mould
(cm2); t = Time taken by the water from h 1 to h2 in (sec); h1 

= Initial head of water in stand pipe (cm); h2 
= 

Final head of water in stand pipe 

2.1.1 Analysis, Results and Discussions 

Based on the results of Particle size distribution test, a particle size distribution curve (Fig. 1) was 
prepared for the Fly-ash. Result of the test shows that more than 73.99% particles are finer than 75µm 
sieve size and 23.74% particles are finer than 45 µm sieve size. 
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3. Scanning Electron Microscopy

Scanning Electron Microscopy was performed to determine the shape and size of Fly-ash particles and 
its Nano size particles as shown in Fig. 2. This microscopy was performed in University Sophisticated 
Instrument Facility (USIF), AMU, Aligarh. The change of characteristics of the Fly-ash at the Nano scale 
has been demonstrated in Fig.2. A significant change in the characteristics may clearly be observed in this 

figure. 

The chemical composition of fly ash collected from Harduaganj thermal power plant, Aligarh, was 
determined by using Energy dispersive x-ray spectroscopy (EDS). EDS is an analytical technique used for 
the elemental analysis or chemical characterization of a sample. Chemical composition for different size 
of particles, such as Bulk size, 300 µm, 212µm, 150µm, 75µm, 45µm and Nano particles, were 

Particle size(mm)

Figure1 Particle size distribution curve of fly ash 
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determined and presented in table1.A perusal of table1reveals that the main chemical constituents in fly 

ash are Silica, Alumina and Iron. These are responsible to affect the cementing properties of fly ash and 

specific gravity. 

Table 1   Elemental composition of fly ash 

Elements Percentage weight 

Bulk size 300 µm 212µm 150µm 75µm 45µm Nano size 

C 3.58 54.31 43.28 5.02 10.69 7.8 16.3 

O 47.91 34.02 36.13 51.73 59.46 51.93 47.01 

Mg 2.13 - - - - - - 

Al 5.13 3.4 5.95 13.93 10.67 12.65 8.20 

Si 6.97 4.35 8.26 20.16 16.2 17.26 17.97 

K 0.86 - 0.52 0.87 2.79 2.21 0.61 

Fe 23.67 0.58 - 1.45 2.92 1.23 0.9 

In order to get a low permeable mass of Fly-ash, different combinations out of bulk size, 75µm and 45µm 

size Fly-ash in different combinations were prepared and tested for permeability. Some of the pertinent 

combinations results have been shown in Table 2. A perusal of table 2 reveals that a combination of 90% 

bulk size and 10% 45µm size of fly ash by weight gives the lowest permeability i.e. 1.099× 𝟏𝟎−𝟒cm /s,

which is nearly 11% less than the permeability of bulk size (1.233x10
-4

cm/s) 

Table 2 Results of permeability of various combinations 
S.N.  Percentage of Bulk size Percentage of 75 µm Percentage of 45 µm Permeability 

(cm/sec) 

1 100 - - 1.233× 10−4

2 60 - 40 1.291× 10−4

3 75 - 25 1.201× 10−4

4 90 - 10 1.099× 𝟏𝟎−𝟒

5 60 40 - 1.558× 10−4

6 75 25 - 1.371× 10−4

7 90 10 - 1.291× 10−4

8 50 25 25 1.156× 10−4

9 70 15 15 1.139× 10−4

The Variation of permeability after mixing Nano particles in the least permeable sample of fly ash (90% 

bulk size and10% 45µm size) has been shown in Table 3.This table indicates that the permeability of the 

least permeable sample of fly ash decreases with the mixing of Nano particles. Initially the reduction rate 

is higher and up to 20% Nano particles, it reduces to 67.12% nearly at a constant rate. After that the 

reduction rate is slower and at 40% Nano-particles, it reduces to 85.58%. Fig.3 shows the variation of 

permeability with percentage of Nano size particles of Fly-ash mixed with least permeable sample. 

Table 3 Results of permeability of least permeable sample with Nano particles 
S.N. Percentage of Nano particles mixed in least 

permeable sample* 

Permeability 

(cm/sec) 

Percentage reduction in 

permeability 

1 0 1.10 x 10
-4

 0 

2 5 9.57 x 10
-5

 12.92 

3 10 6.11 x 10
-5

 44.41 

4 20 3.61 x 10
-5

 67.12 

5 30 2.81 x 10
-5

 74.41 
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Gupta, and Alam [5] worked on flyash collected from Dadri thermal power station and tries to find out 
1he composition of least permeable sample by mixing different sizes of flyash in varying proportions. 
They reported that a combination of 4()l/o Fly a sh of 12 5 micron and 60% Fly ash of 45 micron size gives 
1he least value of permeability. In order to fu-ther reduce the permeability ordinary Portland cement was 
added in different percentages to the least permeable sample. They reported fhat at 15% cement 1he mix 
gives a permeability of l. 288xl 0 5cmls i .e. in 1he initial range of c lay. 

Fig. 4 shows the percentage reduction in the per�ability with the addition of Nano sized flyash. A 
perusal of Fig. 4 shows that percentage reduction in 1he permeability of Harduaganj Fly-ash at 40% Nano 
size is nearly same as reported by Gupta, and Alam [5] at 15% cement in case of Dadri fly ash. 

4. Conclusions

An experimental study was carried out to investigate the efficacy of N ano-paticles on 1he permeability of 
flyash. It was found that the permeability of flyash reduces considerably wi1h 1he addition of its Nano 
particles. At 40% Nano partices the permeability of le ast permeable sample reduces by 85% and beco�s 
in the initial rang of clay. The low permeable mass, so developed has the potentia l to be used in 1he 
construction of canals, low height embankments, dikes etc . 

Figure 3 Variation of permeability of Fly-ash with percentage of admixtures 
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Abstract 

Squeezing ground in underground construction will face several engineering challenges in which the complex 

geology presents a series of tunneling problems. A squeezing action can be triggered when fragile rocks are 

exposed to high stresses. The headrace tunnel Middle Modi Hydropower Project (MMHPP), Parbat, Nepal has 

been taken as a case study, which was excavated by drill and blast in arduous ground conditions with squeezing 

behavior. The interest of the present paper is centered upon the first approximately 160m of the tunnel, starting 

form Chainage 0+ 900m to 0+930m and from 1+200m to 1+400m, of total length 2+600m due to which the 

tunnel cross-section has narrowed down. The tunnel wall closure along this stretch is well over 30cm and the 

maximum recorded closure exceeds 65cm. Different methods (Empirical, Semi-empirical, Analytical, and 2D 

finite element numerical modelling program) are used for assessment of the squeezing phenomenon. The result 

of the analysis is that the degree of squeezing in a tunnel can be predicted if more than one method is employed 

to verify mechanical properties of the rock mass. Following a series of preliminary back analysis, performed 

under axisymmetric conditions this paper analyses the squeezing phenomenon along the tunnel stretch through 

the evaluation of rock mass properties with appropriate support system design and its support pressure 

estimation for the purpose of addressing difficulties exhibited in the extreme rock mass deformation during the 

excavation phase. 

Keywords: Squeezing, Middle Modi Hydropower Project, Tunnel Closure, Support Pressure, Plastic 

Deformation. 

1. Introduction

A study conducted by the Government of Nepal, Ministry of Energy, Water Resources' and Irrigation 

(MoEWI) Water and Energy Commission Secretariat (WECS) indicated that more than 850 

kilometers of tunneling are required to build already planned hydropower potentials in Nepal (Joshi, 

2000). Now with availability and access to modern tunneling methods, tunneling in the very young 

and fragile geological formation of Nepal Himalayas has not been a serious challenge though. There 

are about 250 kilometers of tunnel already excavated in Nepal (NTA, 2019) where few of them are 

through the Siwaliks and some of them in the Main Central Thrust. Despite the fact, mainly two types 

of stability problems, viz. squeezing in weak and deformable rocks and rock burst and spalling in very 

strong and brittle rocks are matter to be addressed while planning and designing underground works 

in the Himalaya (Panthi & Shrestha, 2018). Apart, tunneling through highly jointed and faulted zones 

with ground water face several stability problems like over breaks, collapses and running ground 

condition (Shrestha & Panthi, 2015). The excavation of a tunnel faces tremendous difficulties when it 

is executed through fragile and deformable grounds typically encountered within highly tectonized 

zones at high overburden. The squeezing behavior of a tunnel can be represented by the magnitude of 

convergences around its excavated contour, the extent of the yielding zone, tunnel deformation rate, 

and plastic zones of rock masses. It is influenced by the geological and geotechnical conditions, the 

rock mass strength, the in-situ stresses, the properties of the rock mass, the ground water inflow and 
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is excavated, a support system is installed to ensure stability of the excavated underground opening by 

controlling the displacement of the rock mass, so as to address the safety issues that may arise.  

Tunnelling in Middle Modi Hydropower Project also encountered severe difficulty, experienced 

collapses, ravelling and intense deformation, where the tunnel passes through very weak rock mass 

with effect of a local thrust. This paper presents the tunnelling condition, rock mass quality 

evaluation, tunnel deformation and its root cause analysis. 

2. Middle Modi Hydroelectric Project

Middle Modi Hydroelectric Project is located about 40 km north-west of Pokhara in Kaski and Parbat 

Districts, Province - 4 of Nepal. The location of the Project is shown in Figure 1. The Project has 

planned installed capacity of 15.1 Mega Watt with design discharge of 25 m
3
/sec and net head of 

72m. The headworks is located at Birethanti bazar whereas the powerhouse is located just upstream of 

the headworks structures of the existing Nepal Electricity Authority Modi Khola Hydroelectric 

Project. The headrace tunnel as the main water way is along the right bank as shown in Figure 2. This 

tunnel is 2629 m long and is inverted-D in shape with excavation width of 4.3m in good rock 

condition and 4.7m in poor rock condition.  The Forebay is designed for this installed capacity.  

The tunnel is designed as the major water conveyance system where the water will flow as an open 

channel flow. For the hydraulic purpose, the 2.8m high tunnel walls below spring level and invert are 

concrete lined forming 4 m finished width below spring level, whereas the crown remains supported 

only by initial supports like shotcrete, steel ribs, rock bolts and later additional layer of shotcrete or 

concrete. A typical section of the tunnel excavated from the upstream end is shown in Figure 3. 

Figure 1 Location of the Project 

area 

Figure 2 Project Layout Figure 3 Tunnel Excavation 

Intact Section 

3. Geology of the Project area

The Project area is located in the west-central part of the Lesser Himalayan Zone of Nepal and is 

about 60 km north of the Main Boundary Thrust (MBT), but the Main Central Thrust (MCT) is quite 

near, by about 10km north of the Project. Main rock type in the Project area are quartzite 

(metasandstone) and phyllites of the Kuncha Group. The 2.6 km long headrace tunnel follows the 

right bank of the north-south flowing Modi Khola River where the first half of the tunnel has trends 

towards south-west and rest follows the south direction, as shown in Figure 2. The tunnel alignment 

basically follows the ridge of the right bank rock hill. Near at the mid, the tunnel passes through the 

east-west trending Lumle thrust. The overburden along the tunnel varies from 10m to 290m. General 

geology around the project area is shown in Figure 4 and geology along the tunnel is shown in the 

Geological Map in Figure 5 and the Geological Profile along the tunnel in Figure 6. 

The headrace tunnel has dominating quartzite and phyllitic quartzite rock at the first half, whereas half 

at the south is mostly through thinly bedded deformed phyllite or quartzitic phyllite rockmass. The 

rock type around the mid-part of the tunnel where tunnel instabilities were observed are light grey, 

fine to medium grained pelitic phyllite containing light grey medium grained metasandstone with 

quartz vein of thickness 2-15 cm. This also contains argillaceous phyllite with quartz vein (MMHEP, 

2020) 

The tunnel has distribution of rockmass quality index Q-value ranging from 0.037 to 4 with 

moderately to wide spaced joints. Attitude (dip direction/dip amount) of joint J1 is 230º/58º and that of 

J2 is 125º/76º (at 0+908m).  The orientation of joint sets between chainage 0+910 m and chainage 

0+930m, the major joint set J1 is 240º/28º, J2 is 101º/64º and J3 is 15º/61º. The joint set J1 is 170º/50º 
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and J2 235º /30º around chainage 1+200 m to chainage 1+250m and chainage 1+300 m to chainage 

1+320 m. Also from chainage 1+260m to chainage 1+290, J1 250º/29º J2 165º/70º Jr 240º/30º. The 

tunnel axis azimuth is 232º. The orientation of major joint is oblique to the tunnel axis (MMHEP, 

2020). A typical evidence of poor quality of deformed and thinly bedded phyllite rock exposure at the 

headrace tunnel portal is presented in Figure 7.  

Figure 4 Regional geological map (DMG, 

1994) 

Figure 5 Geological map of the Project  (MMHEP, 

2020) 

Figure 6 Geological Profile of the Project (MMHEP, 

2020) 

Figure 7 Thinly bedded deformed 

phyllite at the tunnel outlet 

4. Tunnel instability issues

The tunnel was excavated using drill and blast method from two ends. Tunnel excavation was 

conventional approach with manual drilling, mucking using wheel loaders and truck. Shotcrete and 

rock bolting were common supports in Rock Class III (4<Q<10) to IV (1<Q<4). Support pattern 

changed adopting ISMB 150 or ISMB 200 steel ribs and 100 to 150mm thick shotcrete in Rock Class 

V (0.1<Q<1), VI (0.01<Q<0.1) and VII (Q<0.01) where spacing of the ribs were as low as 0.5m in the 

weakest rock. 25mm diameter 3-4m long spiling dowels were driven around crown prior excavation 

of the tunnel. In weakest rock, mild steel plates were used as lagging invert steel strut were installed 

as well. Overbreaks were backfilled. Applied supports are presented in Table 1. 

Rock mass distribution shows that 6% of the tunnel lies in Rock Class III, 44% in Rock Class IV, 

22% in Rock Class V and 28% in Rock Class VI, as shown in Figure 8. The initial part of the tunnel 

from Chainage 0+000m to 0+900m passes mostly through rocks of Class III and IV, whereas the 

tunnel passes through mostly rock class VI in between Chainage 1+200m and 1+600m. Tunnel 

chainage-wise distribution of rock mass and corresponding overburden are presented in Figure 9. 
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Figure 8 Rock class distribution in the 

headrace Tunnel   

Figure 9 Rock class distribution and 

overburden along the headrace tunnel 

Table 1 Designed support type based on rock mass quality (Q-value) (MMHEP, 2020) 

Rock Mass Quality Support Pattern Remarks 

4 ≤ Q < 10 Type R III Pattern bolting D25, L=3.0@2m, 75mm thick Shotcrete 

1 ≤ Q < 4 Type RIV Pattern bolting D25, L=3.0@1.75m, 100mm thick Shotcrete 

0.1≤ Q <1 Type RV Forepoling D32 in crown, Steel Rib ISMB 150 @ 0.75m, 75 Steel 

Fibre Reinforced Shotcrete  

0.01<Q < 0.1 Type RVI Forepoling D32 in crown, Steel Rib ISMB 150 @ 0.5m, Steel 

concrete blocking, 75 Steel Fibre Reinforced Shotcrete, Invert Strut 

Q < 0.01 Type RVII Forepoling D32 in crown at close spacing, Steel Rib ISMB 150 @ 

0.5m, Steel concrete blocking, 75 Steel Fibre Reinforced Shotcrete, 

Invert Strut  

The Design supports were modified as per site condition. Concrete laggings were replaced by 

shotcrete. ISMB 150 were replaced by ISMB 200 in extreme cases, MS plates were installed too. 

Despite the support applied to the excavated surface in the tunnel, the tunnel excavation had serious 

problems of collapses and convergence. Notable deformations were observed between Chainage 

0+900m to 0+930m and Chainage 1+200m to 1+400m. Installed steel ribs were buckled at the crown, 

vertically installed steel rib legs moved in, particularly at the invert and legs distorted. Maximum 

deformation recorded is approximately 0.64m in the invert. A typical section of the deformed tunnel is 

shown in Figure 10.  

Figure 10 Deformed tunnel section near 

Chainage 1+300m  

Figure 11 Methodology applied to back 

calculate rock mass parameters 

5. Evaluation of the squeezing

There are many parameters involved in resulting the tunnel to converge. Major of them being the rock 

mass mechanical properties, insitu stress condition and support pressure offered. There is no 

laboratory and field measured data of these parameters. One of the established approach is to carry out 

back analysis to determine the likely combination of these that resulted to the observed tunnel 
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phenomena, i.e., the convergence. The evaluation of the tunnel squeezing is carried out following the 

process presented in Figure 11. 

5.1 Input parameters 

One of the major reason why tunnels do converge is the insitu stress. There is no stress measurement 

available for the Project area. Under such circumstance, the only way is to assume that vertical stress 

due to gravity and horizontal stress contributed by the gravitational stress in the ratio of the poisson's 

ratio and the horizontal component (in-plane and out-plane) of tectonic stress. 

The total horizontal stress can be found by 

Where H is overburden in m, ν is poisson's ratio, σtec is tectonic stress (in or out-plane) in MPa, γ is 

unit weight of rock mass in MN/m
3
. 

The magnitude of total tectonic horizontal stress varies considerably and depends upon geographical 

location, overburden and distance from the main tectonic fault systems of the Himalaya. The general 

trend of horizontal tectonic stress in the region is estimated to be 4-5 MPa (Shrestha and Panthi, 2014, 

Shrestha and Panthi, 2015). The tectonic horizontal stress is at approximately N8ºE whereas tunnel 

alignment is N58ºE in the project area. This means that the horizontal tectonic stress        is at 

approximately N50ºE to the headrace tunnel alignment.  

Four tunnel sections have been chosen for evaluation of squeezing phenomenon. The rock 

mass encountered along the tunnel is quartzitic phyllite and phyllite. But there is no laboratory 

tested data available for the rock mass. Therefore, the rock mass strength and deformability 

properties are assessed on the basis of empirical correlations and referenced from laboratory test 

results on similar rock types. The Hoek-Brown failure criterion (Hoek et al, 2002) for the rock 

material was used with the mi constant taken equal to 7. The deformability and strength parameters 

for the rock mass adopted are given in Table 2. The Poisson's ratio v was taken equal to 0.18. 

Disturbance factor is taken as zero. 

Table 2 Input parameters 
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0+908 Quartzitic 

Phyllite 

2 37.7 265 0.056 50 31.1 31.2 26 7.16 5.02 0.3 

0+930 Quartzitic 

Phyllite 

2 37.7 285 0.056 50 31.1 31.2 26 7.70 5.14 0.64 

1+265 Quartzitic 

Phyllite 

2 37.7 170 0.083 42 26.1 33.7 28 4.59 4.45 0.58 

1+339 Quartzitic 

Phyllite 

2 37.7 170 0.037 42 26.1 28.5 23 4.59 4.45 0.64 

5.2 Evaluation by Empirical Method 

(Singh, Jethwa, Dube, & Singh, 1992) proposed squeezing phenomena on the basis of the Q-value of 

rock mass and height of overburden. The above four cases were evaluated if there would be tunnel 

squeezing using the equation of below table. The graph shows initial prediction of squeezing 

phenomenon for different tunnel section for which only four extremely squeezed section, as listed in 

Table 2 were analysed. These results are presented in Figure 12. 

Approach Squeezing Condition Non-Squeezing Condition 

Singh et al. (1992) H>350 H<350 
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Figure 12 Predicting Squeezing Phenomenon by 

Singh et. al (1992) method 

Figure 13 : Squeezing assessment using Hoek 

and Marinos approach  

5.3 Semi Empirical Method 

Hoek and Marinos (2000) proposed equations to determine radius of plastic zone and tunnel 

deformation of a tunnel in squeezing ground. The first equation is for the case when the tunnel is not 

supported, the second equation for the case when the tunnel is supported.  

where     is the plastic zone diameter, 

 is the original diameter of the tunnel 

 is the internal support pressure (for unsupported tunnels = 0) 

 is the in situ stress = depth × unit weight 

   is the rock mass strength 

 is the tunnel sidewall deformation 

Figure 13 above presents the analyzed case using this method where the tunnel measured 

deformations for respective rock mass properties and insitu stresses yield a comparable result, 

showing squeezing conditions at the four tunnel cases. 

5.4 Evaluation by Analytical method 

The Convergence Confinement Method (CCM) is considered one of the most useful methods to descri

be the relationship between rock mass and support structure after (Carranza-Torres & Fairhurst, 

1999) suggested tunnel excavation. This method assumes that a circular tunnel of radius R will be 

subjected to a uniform isotropic field stress σo. (Carranza-Torres & Fairhurst, 1999) have explained 

the effect of tunnel face for the stability of section as the support does not carry the full load of the 

earth pressure where it is installed.  
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Figure 14 a) Cylindrical tunnel of Radius R driven in Rock mass b) Cross section of rockmass at 

section A-A’ c) Cross-section of circular support installed at section (Carranza-Torres & Fairhurst, 

1999) 

This is represented by a curve known as the Longitudinal Deformation Profile (LDP), Ground 

Reaction Curve (GRC) and Support Characteristic Curve (SCC). GRC shows the nature of the ground 

as the tunnel is excavated. Initially the ground is in elastic state and as the tunnel is excavated, its 

nature changes to plastic. The SCC on the other hand defines the capacity of the support installed in 

the section. The interaction of the GRC and the SCC gives the amount of pressure that the support 

must bear and the deformation that occurs during the installation and after the support has taken the 

full load imposed over it. The LDP is used to relate the deformation perpendicular to the tunnel axis 

with the position along the axial direction. 

The plot of GRC, LDP and SCC for the selected sections are presented in Figure 15. The graph shows 

the different deformation value for four sections analysed. 

Figure 15 GRC, LDP and SCC interaction curve for four different section 

Figure 15 shows the varying deformation recorded for four tunnel section considering different GSI, 

uniaxial compressive strength, face effect, Poisson ratio, average stresses assuming circular tunnel 

shape of radius 2.45m (Table 3) and respective support (shotcreting of 0.2m thickness). 

5.5 Numerical Modelling 

Upon specifying initial input parameters, Hoek and Marinos (2000) method is used to back calculate 

uniaxial compressive strength of intact rock and rock mass using actually measured deformation for 

the four selected sections. This was further verified by numerical modeling using Phase2 software by 

Rocscience. The deformation values obtained from the Phase2 analysis are then compared with the 

results determined by Hoek and Marinos, CCM methods. The numerical modelling was rerun several 

times by changing rock mass parameters until the difference in actually measured and computed 

displacements was within acceptable limit. The rock mass parameters that gave best result have been 

considered as correct values.  

The Hoek and Marinos and CCM approaches have been used again using refined and corrected input 

variables to calculate tunnel deformation. The outputs obtained from different approaches are 

compared with each other and with measured values. Inputs to each method include the improved 
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rock mass parameters. The analysis carried out with rock support indicates that Phase2 gives 

approximately equal to measured values whereas the Hoek and Marinos method gave the least value. 

6. Results and Discussion

The design of tunnels requires a comprehensive strategy, which can be beneficial for saving time and 

cost and ensuring safe construction especially in squeezing ground. Strategy for extreme deformation 

prevention and control in squeezing ground should be established on a dynamic basis, in which it 

emphasizes on dynamic information exchange and adjustment among deformation prediction, design 

ideas of support, field geological survey before tunnelling, and advance geological prediction during 

tunnelling. Recorded rock mass deformation, mapping geological information, laboratory testing of 

rock mechanical properties, and CCM can be used for evaluating in situ rock mass parameters and 

predesigning corresponding support system. 

Four representative tunnel sections were analyzed; rock mass parameter were back calculated for the 

measured deformations. Results of Phase2 analysis for the four different sections, are shown in Figure 

16,Figure 17,Figure 18 and Figure 19. 

As the underground conditions are never known until they are revealed during excavation, the 

decision of the amount and methods for rock support to be applied is not taken before they can be 

observed in the tunnel. During excavation, different rock support measures were applied along the 

length of the headrace tunnel. The main support types that were applied are categorized as rock class 

category RV and RVI as per site conditions where the Q-value is less than 0.1. Table 3 shows the type 

of support applied based on rock mass quality (Q-value). As reinforcement, steel ribs were used. In 

addition, rock support was also applied at the face of tunnel to improve working conditions for next 

sequence. On that basis of the measured Q-value, Type RVI support was applied. 

Table 3 Rock mass parameter after back analysis 

Figure 16 Total displacement before and after 

support application for section 908m 

Figure 17 Total displacement before and after 

support application for section 930m 

Figure 18 Total displacement before and after Figure 19 Total displacement before and after 

Tunnel 
section 
Analysed 
(m) 

Non variable Input Parameter for 
Analysis 

 Back Analyzing Variable Input Parameter For matching with site 
deformation 

Tunnel 
size 
(m) 

Site 
deformation 
(m) 

Applied 
support 

Average 
Stresses 
(MPa) 

Tectonic 
Stresses 
(MPa) 

Intact 
strength 
(MPa) 

GSI 
(MPa) 

Poisson 
ratio(ν) 

calculated 
deformation 
by Phase2 & 
CCM (m)  

0+908 4.65 0.3 RS VI 6.09 4.50 24 18 0.18 0.309 
0+930 4.65 0.64 RS VI 6.42 4.50 21 17 0.18 0.638 
1+265.7 4.65 0.58 RS VI 4.52 4.50 16 14 0.18 0.587 
1+339.6 4.65 0.64 RS VI 4.52 4.50 16 13 0.18 0.64 
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support application for section 1+265.7m support application for section 1+339.6m 

Figure 20 Support Capacity diagram for section 1+339.6m 

Figure 21 Comparison of deformation by 

different approaches with measured deformation 

Figure 22 Support pressure comparison for 

different sections 

Figure 23 Comparison Chart by different approaches with and without additional support 

7. Conclusions

The structure damage modes and affecting factors in four squeezing tunnels sections were studied for 

the purpose of evaluating stability of the tunnel excavated in rock masses by developing a support 

system. All sections were evaluated for squeezing on the basis of predicting criteria, such as Singh et 

al (1992) and Hoek & Marinos (2000) approach (Singh, Jethwa, Dube, & Singh, 1992; Hoek & 

Marinos, 2000). approach. Out of the total length of the headrace tunnel, a stretch of around 160 m 

(0+900 m–1+400 m) faced squeezing potential. The rock mass quality in this reach is very poor where 

rock type is quartzitic phyllite. Major squeezing conditions were present, resulting in the reduction of 

the tunnel cross section. The results of these methods were verified further using analytical and 

numerical methods. Following conclusions have been made from the squeezing analysis using 

different approaches:   
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 The empirical method can act as a good head start to select the prone zones with squeezing

potential. But the method does not consider wall deformation and support pressure.

 Hoek & Marinos (2000) method gives the amount of tunnel wall deformation and also

method gives the amount of tunnel wall deformation and also considers the support pressure

(Hoek & Marinos, 2000). But the tunnel wall deformation is not considered at the time of

support application and also does not specify the yielding of support.

 The convergence confinement method (CCM) has been widely applied to tunnel support

design. In CCM method, the deformation of the tunnel wall at the time of support application

can be calculated with the help of LDP. This was found to be maximum of 0.634m for section

Chainage 1+339.6m.

Figure 21 shows that Phase2 Numerical Analysis coincides with the measured deformation.

CCM also nearly gives same deformation after back analysis whereas Hoek and Marinos

method least matches with measured deformation. The critical support pressure    ) has also

been estimated for all four tunnel sections considered. The critical support pressure means

pressure at the point from which plastic behavior of rock material starts. If the internal

pressure falls below critical support pressure     ), then failure of the rock mass surrounding

the tunnel occur thereby forming a plastic region of radius around it. The face of tunnel is

considered 1m away. Provided support capacity (as shown in Figure 22) is less than    . So

the applied support was not sufficient to resist the deformation. An assessment what if 20cm

thick steel fibre shotcrete as applied was done, result of which shows that deformation would

be reduced by more than 50% of the actually recorded deformation. This however will still

have about 3 to 6% tunnel strain as shown in Figure 23.
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Abstract 

Scour in a bridge pier is one of the major factors for failure and affects the economy of design. 
Scouring involves complex physical processes. To estimate the scour depth, a large number of 
laboratory and field studies have been performed to identify the dominant variables and their 
relationship. From various literature, the most influencing parameters of scour depth are identified as 
characteristics of pier, flow and river bed material. The present study emphasizes the gene expression 
programming (GEP) to estimate the scour depth. Input to the GEP modeling have been taken as flow 
intensity, densimetric Froude number, gradation coefficient of the bed material, flow shallowness, 
sediment coarseness and opening ratio. The datasets were collected from previously published various 
existing research work. Different error analyses were performed to check the strength of the present 
model. The GEP model with a coefficient of determination greater than 0.80 and mean absolute 
percentage error less than 15% for the validation stage has a suitable performance for 
predicting the scour depth for bridge pier. 

Keywords: Scour depth; Gene expression programming; Pier Scour; 

1. Introduction

Stability of any hydraulic structure is a major concern, the proper knowledge about failure factors and 
there remedial measures are important. Piers are parts of sub-structure of bridges and support the 
super-structure. Scouring is described as the localized wear of bed material around a pier of a bridge 
that occurs when the corrosive strength of the water exceeds the capacity of the bed material 
(Annandale 1995; Nou et al. 2020). Scour mainly depends upon the site and the sediment properties 
as well as transport capacity of the particular rivers and streams. General scour, contraction scour and 
local scour are most common type. The mechanism in scour includes horseshoe vortex, wake vortex 
and contraction of streamlines near the exposed element of the structure which impact the flow in 
different way (Figure 1 ). Scouring has been observed as one of the major reasons of failure of bridge 
piers and other hydraulic structures (Pandey et al. 2016; Qi et al. 2016; Choufu et al. 2017; Singh et 
al. 2019; Azizipour et al. 2020; Bestawy et al. 2020; Pandey et al. 2020; Singh et al. 2020). Although 
scour around bridge piers have been studied quite extensively, scour-based failures are still happening 
which may be due to the absence of information about the scour processes, updated design measures 
and an absence of widely existing outcomes from such studies (Kothyari 1989, Kothyari and Ranga 
Raju 2001; Lanca et al. 2013). It is important to estimate the scouring depth around bridge piers for 
both safety and economic reasons, as over-prediction or under-prediction of the depth of scouring may 
lead to extra expense during construction or to failure in use. 

In recent years, the ongoing development of computer science and numerical modelling of hydraulic 
structures, computational fluid dynamics (CFD) has been used widely to simulate the behaviour of 
fluid flow and resulting depth of scouring at piers of bridges. Many recent studies have used Flow-3D 
as a numerical modelling technique to simulate the depth of scour around bridge piers (Vasquez et 
al.2009- Jalal et al. 2020). The main aim of using a numerical model such as Flow-3D is that instead 
of designing a huge model and expensive appurtenances for allowing measurement of specific factors, 
the behaviours of fundamental fluid movement, incorporating distribution velocity, bed shear, 
turbulent kinetic energy and pressures can be known through Flow-3D (Muzzammil et al.2015). 
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Advancement in mathematical computation has been achieved by applying artificial intelligence (AI) 
technique, allowing modelling to be done easily, accurately and with little effort (Guo et 
al.2009;Azamathulla et al.2010). AI based modelling techniques have been recently applied in many 
literatures to create complex response function, including analysis of the scouring mechanism that 
occur at bridge piers; these provide non-linear modelling structures and thus have the ability to define 
the cause and effect relationship for such complicated processes. The relevant AI technologies are 
artificial neural networks (ANN), adaptive neural fuzzy inference system (ANFIS), genetic 

programming (GP) and gene expression programming (GEP) (Azmathullah et al.2005;Najafzadeh et 

al.2015;Das et al.2018) ANNs have been used frequently due to its reasonable solutions to various 
problems of hydraulic engineering that arises due to the extremely complicated and non-linear 
between input and output parameters for the corresponding data (Stamou et al.2000). Another key tool 
is the GEP soft computing technologies tool which has an edge over several other tools due to its ease 
of coding, rapid calculations and simple modelling. 

D 

I •' • 

Surface Roller 

Down flow and 

horseshoe vortex 

u 

Figure 1 Principal Features of Flow and Local Scour around a Circular Pier (Ettema et al.1998) 

A review of the existing literatures suggested, however, that the application of GEP for the prediction 
of scour depth around bridge piers had not been implemented on a large scale, creating an immediate 
need for necessary action in this regard. In the present study, therefore, the main objective is to 
develop a new scour depth formula based on the use of the parameters such as flow intensity, 
densimetric Froude number, gradation coefficient of the bed material, flow shallowness, sediment 
coarseness and opening ratio by using GEP technique. 

2. Data Collection and Description

For the present study clear water pier scour data have been taken from the studies (Raikar and Dey 
(2005); Pandey et al.2018;Pandey et al.2020). According to (Kothyari 1989) scour in the bridge 
depends on sediment properties and hydraulic parameters such as approach mean velocity (U), 
critical velocity of the sediment CUc),pier diameter (D

p
), median diameter of sediment (d50)approach 

flow depth (y), (Fr ) is Froude number and (Frdso) is densimetric Froude number. In the present a total 
159 dataset have been used. Tablel shows the range of the datasets .Out of the total of 159 input
output pairs, about 75% (120 sets)were selected randomly and used for training, where the remaining 
25% (38 sets) were employed for testing. 

Scour depth at a pier depends on variables characterizing the fluid, flow, bed sediment, and pier. The 
functional relationship describes scour depth: 

dse = f(p,µ,U,Uc ,g,y,d50 ,0',F',.d50 •B,DP ) (1) 
Where, µ= fluid dynamic viscosity; p= fluid density; g= acceleration to gravity; 
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From previous experience (Azmathullah et al.2005;Pandey et al.2020;Hassan et al.2020),grouped 
dimensionaless variables to produce good results. The following relationship describes maximum 
scour depth ( dse) to pier diameter (Dp) in the terms of dimensionless parameters: 

(2) 

During model developments in this study, the ratio of maximum scour depth to pier diameter is 
selected as output and the six dimensionless parameters in Equation.2 as inputs. 

Table 1 Parameters used in the present GEP model 
Parameters Minimum Maximum Terminology Notation 

U/Uc 0.54 0.984 Flow intensity A 

Frd50 1.51 2.95 Densimetric Froude B 

number 

(J 0.47 0.93 Gradation coefficient of C 

the bed material 

y/Dp 0.68 7.81 Flow shallowness D 

D/dso 2.24 48.88 Sediment coarseness E 
a 1.08 2.92 Opening ratio F 

3.Predictive Approaches from Previous Relationship

In the present study, the maximum scour depth were analyzed using previously published works under 
clear water conditiod. The Modified Laursen by Neil (1964) used Laursen and Toch's (1956) design 
curve to obtain scour depth formula is characterized as: 

dse 
= 1.35 -1:'._ [ J

0.30 

DP DP (3) 
Shen et al.(1969) used the Froude number to predict scour depth. 

� = 3.4(F,) ' L 
d ½( J

½ 

DP DP (4) 
The Colorado State University (CSU) formula (1975) which is best fit to the laboratory data is similar 
in form to Shen et al.(1969). 

(D )o.6s
d

;
e = Z.Z(F,)°'43 ; 

(5) 
Khan et al.(2012) proposed an equation by using gene expression programming (GEP) model. 

d;, = � [ 0597-F, f;• � J]+ F,(F; +0.063- d;•)

-( d;• J(u-l}+F{ � {F,-[3 ;!ir]}J 
(6)
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Kim et al.(2015) proposed a relationship for the estimation of 
equilibrium scour condition. 

the maximum scour depth under an 

(7) 

Pandey et al.(2018) proposed an equation which shows the densimetric particle Froude number is the 

important factor effecting the scour depth.  
4. Model development

4.1 Overview of genetic expression programming (GEP) 

(8) 

GEP, an extension of genetic programming (Koza, 1992) is a search technique that performs 
computer programs such as mathematical expressions, decision trees, polynomial constructs and 
logical expressions. GEP generated computer programs are encoded in linear chromosomes and are 
then expressed in form of expression trees (ETs). For detail information readers can refer to 
(Ferreira2001) or Teodorescu and Sherwood(2008).The leverage of this approach is that the GEP 
design can be utilised to shape non-linear functions to analyse non-linear parameters (Zahiri and 
Azmathulla 2014; Das et al.2019). 

4.2 Gamma test (GT) 

GT technique was given by Koncar (1997) and Agalbjom et al. (1997) which was further improved by 
various analysts (Tsui 1999; Durrant 2001; Tsui et al. 2002). GT measures the base mean square error 
(MSE) which contributes to input information selections. The GT results can be organised by 
considering another term called V-ratio. The V-ratio is characterised as: 

V . r - ratw =
o-

2 (K) (9) 

where,cr2(K) = variance of yield K, which provides a standardised measure of the Gamma statistic and 
empowers a judgement to be shaped, freely of the yield range and how well the yield can be displayed 
by a smooth function. A V-ratio close to zero indicates a high level of consistency (By a smooth 
function) of the specific yield and a value near to one, the yield is identical to irregular commotion to 
the extent a smooth model is concerned. In practice, the GT can be accomplished by using the 
winGamma software (Durrant 2001) which is very effective and could be used as a part of various 
hydraulic nonlinear modelling endeavours. V-ratio is the measure of predictability of given yields 
using accessible data sources. An input dataset having a low value of MSE and V-ratio is considered 

as the best situation for the modelling. In the present study, a total of 100 examinations have been 
made in win Gamma software for six to two representative blends of non-dimensional parameters, but 
in this paper 11 different blends (including the best one) are shown in Table 2. From the table it can 
be inferred that the blend of six parameters with mask (111111) can make a decent model in contrast 
with other blends due to the low values ofG and V-ratio which are very close to as compared to other 
blends. This blend having six non-dimensional parameters is used for GEP model development. 
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4. 3 Model input selection

4.3 .1 GEP for scour depth modeling 

In this section, the scour depth of a bridge pier is modeled using the GEP approach. Initially, the 
"training set" is selected from the entire data set, and the rest is used as the "testing set".Once the 
training set is selected, one could say that the learning environment of the system is defined. The 
modeling also includes five major steps to use GEP. The first is to choose the fitness function. The 

second step is to choose the sets of terminals T and the set of functions F to create the chromosomes. 
In the present study GEP model is developed to predict scour depth around pier, in which the terminal 
includes of six independent parameters. From the best input combination for scour depth prediction 
obtained by GT results. In the third step, the chromosomal architecture was chosen i.e., the length of 
the head and number of genes. Fourth steps is to choose the linking function. The fifth and final step 
is to choose the set of genetic operators that cause variation and their rates. For this purpose a 
combination of all genetic operators (mutation, tranposition and crossover) is used. GeneXpro Tools 
5.0 software package was used for current study. Table 3 presents the functional set and operational 
parameters applied in the proposed GEP model. The resulting scour depth formula is represented in 
the form of expression tree (ET) which is presented in Figure 2, while corresponding equation is 
expressed in Equation.IO. 

Table 3 Parameters of the optimized GEP 

Table 2 Determining the best combination for scour depth 
Experiment 

No. 
Combination of 

Input Parameters 
Gamma Std. error V-ratio Mask 

1 All inputs 0.007 0.0034 0.028 111111 

2 All inputs-C 0.077 0.0087 0.309 111110 

3 All inputs-E 0.021 0.0099 0.084 111101 

4 All inputs-D 0.009 0.0068 0.038 111011 

5 All inputs-F 0.010 0.0052 0.041 110111 

6 All inputs-B 0.013 0.0071 0.054 101111 

7 All inputs-A 0.008 0.0067 0.035 011111 

8 0.080 0.0070 0.321 111100 

9 0.071 0.0068 0.285 111010 

10 

All inputs-C, E
All inputs-D,E 

All inputs-C,D,E 0.071 0.0059 0.286 111000 

Serial No. Description of parameter Parameter Setting 

1 30 
2 3 
3 8 
4 100000 
5 
6 

7 

8 
9 
10 
11 
12 
13 
14 
15 

Chromosomes 
Genes 
Head Size 
Number of generation 
Mutation rate 
Inversion rate 

Function set 

Cross-over frequency 
One point recombination rate 
Two point recombination rate 
Gene recombination rate 
Gene transposition rate 
Linking function 
Program size 
Fitness Function 

0.044 
0.1 

,,,, Pow, Exp, Ln
0.5 
0.3 
0.3 
0.1 
0.1 
Addition 
30 
MSE 
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Sub-ET 1 

Figure 2(a) 

Sub-ET 2 

Figure 2(b) 
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Sub-ET 3 

Figure 2(c) 

The explicit equation obtained from Sub-ETs to form the GEP model may be expressed as: 

4. Results and Discussion

(10) 

In the present study, the proposed GEP model has performed well over other existing empirical 
models which is can be noticed in Table 3. For all data series, the developed GEP model has 
minimum error as compared to other predicting equations for scour depth. The present GEP model 
provides lower MAPE value less than 15% compare to previous equations as shown in Table 3. 
Various error indices such as coefficient of determination (R2

), mean absolute error (MAE), mean 
absolute percentage error (MAPE), root mean square error (RMSE), nash sutcliff coefficient (E) and 
Index of agreement(Ict) have been explained in (Das et al. 2016; Thendiyath and Prakash 2020). 

To reflect more strength of traditional methods, other specified statistical error analysis is shown in 
Table 3. From the table, it can be inferred that Pandey et al. (2018) is the most correct among the 
other different approaches as it has maximum accuracy by the coefficient of determination. It can also 
be identified that Kim et al. (2015) has the poorest execution as having minimum accuracy by 
correlation. It was observed that the MAPE value is more for Kim et al. (2015) as compare to Pandey 
et al. (2018). Further, GEP reveals that the flow intensity is most influential parameter to predict the 
scour depth around bridge pier over the other non-dimensional parameters such as Densimetric 
Froude number Gradation coefficient of the bed material, flow shallowness, sediment coarseness and 
opening ratio. 
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3. Conclusions

In the present study a total of 159 data sets were used for the estimation of depth of scour around a 
bridge pier. Gamma Test has been performed to choose the most significant non-dimensional 
parameters blend for scour depth calculation. GT indicated that the flow intensity , densimetric 
Froude number, gradation coefficient of the bed material, flow shallowness sediment coarseness and 
opening ratio are the most dominating parameters to predict the scour depth. The developed GEP 
model showed high accuracy when compared with existing scour depth model with r2 value greater 
than 0.80 and MAPE value less than 15%. 
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ABSTRACT 

River water has been the lifeline for the civilization that flourished over the past thousands of years. 

As there is river, there is contamination of river which is as old as civilization. After the post-industrial 

revolution period (1990) in India, there is a gradual increase in the pollution levels of the river water 

because of the discharge of untreated heavy metals into the river thus making the river water toxic 

both for humans and animals. This study evaluates the geospatial metal distribution and extent of 

contamination of heavy metals such as temperature, pH, electrical conductivity, sodium, nitrates, 

magnesium, calcium, chlorides, sulphates, lead, ferrous and chromium in surface water of the 

Brahmani river. This above mentioned study was done to make water quality parameters comparison with 

the local (BIS) and global (WHO) average values. The last thirty years water quality parameters of 

Brahmani river were collected from central water commission (CWC) which were collected at 

panposh and comparison was made with the experimental values. Rourkela, being the industrial hub 

of Odisha state there is a high chance of industrial waste production which is to be disposed into river. 

Over the last decade, there is not much study done on the contamination levels of river Brahmani. So, 

there is an urgent need to study the increasing levels of the pollution in Brahmani river. 

Keywords: Brahmani river, Geospatial metal Distribution, Chromium, lead. 

1. INTRODUCTION

         Air and water has been the primary needs for the human beings to survive on this planet. Rivers 

are not just flowing bodies of water rather they are life giving substance. Considering the fact that the 

total amount of water that can be used by humans is only 0.33 percent of the total available water 

resources. Remaining water is either in saline form or locked in polar ice caps or available as deep 

ground water. The most purified form of surface water is found in rivers. This is the reason rivers are 

called life giving substance or life line of the country. But unfortunately, only very few are aware of its 

importance. 

        After the post-industrial period (1990) in India, there has been a gradual increase in the number of 

industries which has become a boon for the economy. This is one side of the coin but there is other side 

of the coin, which in turn is neglected by the government. The amount of industrial toxic waste released 

into the rivers is unimaginable and thus making the water polluted. According to WHO 70 percent of 

the diseases are caused by drinking polluted water. A study conducted by central bureau of health 

intelligence (CBHI) and ministry of health and family welfare showed that in the last five years nearly 

12000 people have died of water pollution i.e., nearly seven people per day and 36000 persons per day 

are diagnosed with water borne diseases like cholera, acute diarrhea diseases, typhoid and viral hepatitis. 
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       Rourkela has been the industrial hub of Odisha state. Rourkela steel plant (RSP) is one of the largest 

steel producers in the country with a capacity of 9.7 million tonnes of crude steel. River Brahmani and 

river koel are flowing in Rourkela and there has been a massive number of industries located on the 

river catchment. So, there is a chance that the river might be polluted and not much study has been done 

on this stream. So, there is an urgent need to study the heavy metal concentrations along the river bed 

as this river water was directly used by the local villagers for drinking purpose. This study carries out 

the following investigations on the river i.e., temperature, pH, electrical conductivity, magnesium, 

sodium, calcium, chloride, nitrate, sulphates, lead, ferrous and chromium. 

2.LITERATURE REVIEW

The habit of discharging of small-scale industries untreated waste and domestic waste into water bodies 

increased the levels of pollution of heavy metals in river. (khadse et al. 2008), many studies have been 

done on Mahanadi river basin largely focusing on heavy metal concentration in water and sediments. 

(asokan and dutta 2008; sundaroy et al. 2012), the potential risk of heavy of metal ions on the surface 

water quality and on aquatic life. (Mohanty and samanta 2016), and the analysis on Mahanadi river 

basin for water resources (asokan and dutta 2008), of all the pollutants, 50 percent of them were 

estimated to be coming from industries alone (Kpelle et al., 2014), (armienta et al., 2001)  also studied 

that the waste generated from tanning industries was directly dumped in river ganga which contained 

higher concentration of chromium, chlorides, ammonia and total dissolved solids, the arid regions and 

semi-arid areas have faced severe water pollution due to increased human activities (He and 2019a; He 

et al 2019a; Li 2016;wang et al 2018; wei et al. 2017). Ground and the surface water are the two 

important sources for the needs of water for irrigation, industrial and domestic purpose (Li et al 

2013a,2017a,b), due to the lack of availability of good surface water in arid regions and semi-arid 

regions, 33 percent of world’s population is depending on ground water for drinking purpose(Li et al 

2013a,2017a,b), the biological health of soil is adversely affected by the heavy metals on nutrients 

cycling and preservation of biodiversity (baran and Tarnowski 2015) , there has been some reports 

available to the assessment of heavy metals in soil and water around Delhi (Kaur and rani,2006;singh 

and Kumar 2006), either anthropogenic or natural sources are responsible for metal pollution in the 

river(Akoto et al. 2008; giri and Singh 2014). 

3.STUDY AREA, SAMPLE COLLECTION AND METHODS USED

Brahmani river is being the second largest river in the state of Odisha after Mahanadi river. The water 

samples were collected in brahmani river which was a seasonal river in eastern India. The brahmani 

river was formed by the confluence of the sankh and south koel rivers near the Rourkela city at 22 

degree north and 84 degree east. The sankh river has originated from jarkhand-chhattisgarh boarder 

near netarhat plateau. The south koel river has originated in Jharkhand near lohardaga. Both netarhat 

plateau and lohardaga are in the chota Nagpur plateau. Brahmani river flows through the districts of 

sundargarh, Deogarh, angul, Dhenkanal, jajapur, Cuttack and Kendra Pura. Brahmani river has a total 

flow length of 799 km and discharges 678m3/s of water into Bay of Bengal. Its catchment area is about 

39000km2. 

The samples were collected from brahmani river at a depth of 0.3m from the top of the river surface. 

Three sites were located and collected water samples from those three sites. At each site three samples 

were collected, two near banks of respective ends of the river and at the center of the river. The testing 

samples were collected in the month of December 2020. Total of nine samples were collected across 

the river to assess the impact of heavy metal concentration of brahmani river due to the industrial 

effluents, domestic activities and mining activities. The sample bottles which were used for collecting 

water were made of n high-density polyethylene were soaked in 10 percent of HNO3 for a period of 24 

hours and cleaned several times with distilled water before collecting water from brahmani river. For 

heavy metal testing, 500 ml of water was acidified using 2ml of 1:1 mixture of concentrated nitric acid 

1331



and distilled water and 2ml of hydrochloric acid to lower pH. The samples were stored at 4 degree 

centigrade in laboratory before conducting experiment. 
      The physical factors like temperature, pH and electrical conductivity were done at InSite while 

collecting water sample using thermometer, potentiometer and electrical conductivity meter. Calcium, 

magnesium, chloride, sodium, nitrates, sulphates was done using the standard titrimetric procedures. 

For heavy metals like chromium and lead, tube atomizer method was used. For iron, flame method was 

used. The samples that were prepared was measured for respective heavy metals by using atomic 

absorption spectrophotometer.  

       Atomic Absorption Spectrophotometer is the Spectro analytical procedure to determine the heavy 

metal concentration using the absorption of optical radiation by free atoms in gaseous state. This 

equipment works based on absorption of light by free metallic ions. Atomic Absorption spectrometer 

was first used in late 19th century by Robert Wilhelm Bunsen and Robert Kirchhoff. The modern version 

of atomic absorption spectrometer was mainly developed during 1950 by Australian chemists. Atomic 

absorption spectrometer requires the standards with a known analyte content to find the relation between 

the measured absorbance and the analyte concentration. Atomic absorption spectrometer can be used in 

many areas of chemistry such as analysis of heavy metals in biological fluids and tissues such as plasma, 

urine, brain tissue, liver, saliva and muscle tissues, atomic absorption spectrometer can be used for 

qualitative and quantitative analysis.    

Figure 1:  experimental setup of Atomic Absorption Spectroscopy 

4. RESULTS AND DISCUSSION

     The below table 1 values were observed in the brahmani river near panposh water gauging site 

from CWC collected from 1991 to 2019. The observed parameters are temperature, pH, electrical 

conductivity, chlorides, sodium, calcium, nitrates, magnesium and sulphates. The below water 

samples represent the average, maximum and minimum values of water quality in panposh water 

gauging site near Rourkela. 
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Table 1:  observed values of brahmini river collected from CWC 

The below table 2 represents the experimental results of the nine water samples collected at three water 

gauging sites near Rourkela in panposh. The parameters that is calculated by experimental analysis is 

tempertature, pH, electrical conductivity, chlorides, sodium, calcium, nitrates, magnesium, sulphates, 

iron, lead and chromium. The average values of the above heavy metals, ions and physical parameters 

are also shown in the below table. 

Table 2: Experimental Results of Brahmini River samples 

TEMPERATURE pH EC Cl Na Ca NO3 Mg SO4 

AVERAGE 25.2 7.7 169 11.6 7.7 18 0.65 6.4 5.5 

MAXIMUM 34.5 8.6 701 55.3 46.1 96 9.53 27.3 85 

MINIMUM 10.5 5.5 17 2.8 1.4 5 0.06 0.1 1 

Site 1 Site 2 Site 3 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

1 

Sample 

2 

Sample 

3 

AVERAGE 

TEMPERATURE 

(℃)  13 15 13.6 14.8 15.5 14.8 14.6 16 15.1 
14.925 

pH  5.5 6.2 5.7 5.8 6.4 5.7 5.6 6.4 5.7 
5.9375 

ELEC.CONDU 

(𝝁℧/𝒄𝒎) 
 690 775 762 896 786 1080 544 685 754 

785.25 

CHLORIDES (mg/l) 8 14 23 17 19 21 18 27 38 
20.55556 

SODIUM(mg/l) 51 24 38 67 29 35 22 10 28 
33.77778 

CALCIUM(mg/l)  35 28 62 56 30 41 28 15 31 
36.375 

NITRATES(mg/l)  2.4 4.1 7.8 8.3 5.1 6.4 2.2 4.4 5.1 
5.425 

MAGNESIUM(mg/l

)  17.3 13 26 21 16 29 31 22 28 
23.25 

𝑺𝑶𝟒(mg/l)  5.8 7.9 38 6.9 12.7 55 9.4 16 72 
27.2375 

Pb(mg/l)  0.024 0.169 0.208 0.109 0.082 0.082 0.232 0.081 0.080 
0.130375 

Fe(mg/l) 0.173 0.224 0.246 0.034 0.103 0.126 0.039 0.092 0.127 
0.129333 

Cr(mg/l)  0.258 0.297 0.246 0.296 0.312 0.307  0.331 0.324 0.332 
0.302 
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Graphs  1 :  variations of heavy metals concentrations at  brahmani river catchment
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Graphs 2:  bar graphs representing variation of physical and chemical parameters of the water samples of brahmini river 
catchment

4.1. Temperature, pH And Electrical Conductivity
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of 14.9 whereas the observed data from the central water commission was found out to be 25.2 degree 

centigrade. The pH for the above tested samples varied from 5.5 to 6.4 with a mean of 5.9 and the 

observed data from CWC was 5.5 to pH scale. The electrical conductivity for the above tested samples 

varied from 685 to 1080 micromho/cm with a mean of 785 and the observed value from CWC was 
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4.2. Heavy Metals  

      Three heavy metals have been tested namely ferrous, lead and chromium. Lead was found to be in 

the range of 0.024 mg/l to 0.246 mg/l with a mean of 0.13 mg/l and ferrous was found to be in the range 

of 0.034 mg/l to 0.246 mg/l with a mean of 0.129 mg/l. The chromium content in the tested water 

samples was found to be in the range of 0.246 to 0.332 with a mean of 0.302 mg/l. 

4.3. Major Ions 

        Major ions like calcium, magnesium, sodium, chlorides and sulphates has been tested in the 

laboratory. Calcium content for the above tested samples was found out to be in the range of 15mg/l to 

62mg/l with a mean of 37 mg/l and the observed data from CWC was found to be 96 mg/l. Magnesium 

ion content for the above tested samples is in the range of 13mg/l to 31mg/l with a mean of 23mg/l and 

the observed value of the magnesium ion from CWC data was found to be 27.3mg/l. Sodium ion content 

for the above tested samples is in the range of 10mg/l to 67mg/l with a mean of 33mg/l and the observed 

value of the Sodium ion from CWC data was found to be 46.1mg/l. Chlorides ion content for the above 

tested samples is in the range of 8mg/l to 38mg/l with a mean of 20.5mg/l and the observed value of the 

Chloride ion from CWC data was found to be 11.6mg/l. Sulphates ion content for the above tested 

samples is in the range of 5.8mg/l to 72mg/l with a mean of 27mg/l and the observed value of the 

Sulphates ion from CWC data was found to be 85mg/l. 

4.4. Nitrates and Nitrites (𝑵𝑶𝟐&𝑵𝑶𝟑)

       Nitrates and Nitrites ion concentration in the Brahmani river is in the range of 2.2mg/l to 8.3mg/l 

with a mean value of 5.4mg/l and the observed nitrates and nitrites ion concentration value from CWC 

data was found to be 9.53mg/l. 

5. CONCLUSION

As per standards prescribed by WHO and BIS, the permissible limits of iron, lead and chromium in

drinking water is 0.3mg/l, 0.1mg/l and 0.1mg/l respectively whereas the heavy metals tested values are 

found to be 0.129mg/l, 0.13mg/l and 0.302mg/l. By observing the above values only chromium was 

little higher that the permissible limits. The maximum temperature is 16℃, pH is 6.4, electrical 

conductivity is 1080 micromho/cm, calcium is 62mg/l, magnesium is 31mg/l, sodium is 67mg/l, nitrates 

8.1mg/l, chlorides is 38 mg/l, sulphates is 72 mg/l. These ions and nutrients were tested in 2020 

December and compared with the CWC data up to 2020 march, studies have shown that the water 

quality parameters concentration has increased due to CoVid-19. CoVid-19 has been a curse on 

mankind, but to other things like water and air this has been a blessing in disguise because there was a 

substantial evidence to prove that due to lockdown of industries and decreased human activities, the 

water quality in rivers has drastically increased thus attaining self-cleaning process of rivers 
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Abstract 

Flow rate or discharge is a basic but very essential parameter that helps to quantify the flow in open channels or 

natural river streams. Stage-discharge relationships, flood forecasting and modelling, routing studies and other 

practical hydraulic applications justifies the necessity of discharge estimation. Numerous methods using 

different experimental or analytical approaches have been proposed to predict discharge in open channels for 

various flow conditions and channel geometry. To bolster the investigation on vegetative channels, this study 

aims to develop an effective and precise model that would define discharge for channels with any type of 

vegetation, using modern-day computational techniques. River discharge depends on several parameters such 

as- geometrical parameters (channel dimensions, bed slope), hydraulic parameters (Froude’s Number and 

Reynold’s Number) and vegetation parameters (vegetation density, submergence ratio, vegetation dimensions). 

A large dataset incorporating all these parameters is compiled by collecting data from previous laboratory 

experiments. This data served as input for the development of an accurate model using Multi Gene Genetic 

Programming (MGGP), an advanced Soft Computing technique based on the principle of evolution and 

genetics. From this extensive dataset, testing dataset is segregated and upon validation it yielded good 

correlation and minimal error for the predicted discharge. This study also helps us to realize the immense 

capabilities of advanced computing techniques and their future scope in hydraulics.     

Keywords: Genetic Programming; Froude’s Number; Reynold’s Number; Vegetated Channel; Vegetation 

Density; Submergence Ratio 

1. Introduction

Estimation of discharge remains a thing of prime importance, be it any hydraulic study. River routing 

and flood routing studies are conducted to determine river discharge so as to mark off areas prone to 

damage during floods and plan accordingly thus, paving the way for flood forecasting and modelling. 

Stage-discharge relationship serves as an identity for any stream or channel. There has been a great 

deal of research on estimation and prediction of discharge. Various methodologies and approaches 

ranging from experimental to analytical to even simulation based models have been proposed. Such 

studies on vegetative channels have also been done but their percentage is less as compared to 

channels without vegetation, let alone studies for specific/different vegetation types.  

      In open channels, vegetation may be found in the bed or on the floodplains. Presence of vegetation 

tends to reduce the natural water flow, reason being, the loss in energy of flowing water induced by 

additional drag forces and turbulence. Thus, vegetation acts like an external resistance.  

      Flow studies on vegetative channels undertaken in the past have been mostly on specific 

vegetation type (rigid or flexible) and/or for specific vegetation condition (submerged or emergent). 

Flow in a vegetated open channel is affected by several parameters- vegetation type (rigid or flexible), 

vegetation characteristics (vegetation height, width/diameter, or density), arrangement of vegetation 

(linear or staggered), and vegetation condition (submerged or emergent). Rigid vegetation remains the 

same with the passage of water, but flexible vegetation has a tendency to bend in response. It has been 

observed that it is quite difficult to model such varying vegetative flows in the conventional methods. 

But this study can overcome the said limitation, because almost all of the above characteristics have 
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been incorporated in analysis using Multi Gene Genetic Programming (MGGP), which doesn’t come 

with any prior assumptions or bias for developing models. MGGP is an advanced Soft Computing 

technique. 

1.1 Soft Computing 

There may be problems which either have no existing methodology or algorithm to solve them, or 

which are excessively time consuming when solved by current hardware or approaches. Soft 

computing serves as a boon for such problems. It makes use of not fully accurate but high versatile 

calculation algorithms for finding solutions to extremely complex computational problems. Various 

types of Soft computing techniques such as - Artificial Neural Network (ANN), Fuzzy Logic, and 

Evolutionary Algorithm (EA) are used in these modelling. 

1.2 Evolutionary Algorithm 

Evolutionary Algorithm (EA) is quite analogous to the natural genetic processes. It shares 

resemblance with the principles of Darwin’s Theory of Natural Selection. Like an individual or 

species survives only if it evolves and fits itself into the changing environment, an initial unfit 

solution is made to evolve under specific constraints and it tries to attain the fit condition, generation 

by generation, resulting in a highly effective solution which is nearly impossible to obtain by manual 

methods. It is primarily an optimization technique which takes inspiration from mutation, 

recombination and selection principles of genetics. 

1.3 Genetic Programming 

Genetic Programming (GP) is a variant of EA. As already discussed, these are optimization 

techniques in which the solution adapts based on constraints thus evolving and nearing the ideal 

solution, generation after generation. Chromosome is the basic entity which carries information about 

an individual and carries it forward to the next generation. Here also the chromosome plays a vital 

role and helps to form the gene (or the GP Tree). The model is a tree data structure having several 

nodes. Each node holds a constant or an independent parameter or a functional operator (arithmetic, 

Boolean or logical). Expression Tree (ET) or GP Tree (also called Gene) is formed by the random 

combination of these nodes, subject to certain fitness criteria. So, each ET is a mathematical 

expression. 

      The analysis, processing and programming of these expression trees is called Gene Expression 

Programming (GEP). Azamathulla et al. (2013) used GEP for the determination of Manning’s 

roughness coefficient in open channels. Pradhan (2019, Doctoral thesis, NIT Rourkela) also used this 

technique to develop an improvised model for predicting Manning’s n value.  

1.4 Multi Gene Genetic Programming 

Multi Gene Genetic Programming (MGGP) is popularly used for developing numerical or 

mathematical models for complex problems based on a given training dataset. Being a variant of 

Genetic Programming (GP), it derives most of its features from it. It is named so, because it generates 

empirical model which consists of weighted multiple genes (GP trees) linearly combined together by 

a linking function.  

      A number of factors - number of chromosomes, number of genes, head size, tail size, program 

size, numerical constants per gene, mutation values, linking function, number and type of functions, 

weight of functions, function arity, fitness function, number of generations etc. needs to be monitored 

and controlled to get an accurate model. The control exercise over these factors decides the strength 

and utility of the model. 
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2. Experimental Investigation and Data Collection

This study is a data-driven modelling approach. For this work, laboratory experiments carried out by 

various researchers are collected and used. 

      Shejule (2019, M Tech thesis, NIT Rourkela) conducted experiments in emerged vegetative open 

channel at Hydraulic Engineering Laboratory, NIT Rourkela in a rectangular flume of 12 m long, 0.6 

m wide and depth 0.6 m. A testing section (10 m length) on the flume was made up of glass, the walls 

and bottom were made up of mild steel. To impart roughness to the bed, it was fixed with rigid grass. 

Steel rods of 6 mm diameter and 14 cm in height were inserted in grass bed to simulate vegetation. 

These were fixed in alternate rows of 6 and 7 in a staggered pattern with uniform lateral and 

longitudinal spacing of 8 cm giving a vegetation density (number of stems or plants in a unit area) of 

78/m2. 

      Xia and Nehal (2013) studied the flow behavior in channel simulated with artificial Acorus 

calami, an emergent semi-flexible macrophyte having both frond and stem. These were 0.6 m in 

height and diameter of 11.5 mm. The experiments were conducted in a 26 m long, 0.5 m wide and 0.7 

m deep glass-walled flume. Plants were placed in a 12 m test section on PVC board (at a distance of 

9m from entrance). The tests were conducted for 5 plant arrangements. V0 represented the case with 

non-vegetative section. V1 represented a total of 40 plants placed with one or two plants in a row at 

45 cm spacing. V2 symbolized placement of 60 plants with two in a row at a spacing of 30 cm.V3 

represented 240 plants in the region with three plants in a row having 15 cm spacing and V4 indicated 

a total of 280 plants, four per row with 15 cm spacing. 

       Jarvela (2005) studied the effect of submerged flexible vegetation on flow behaviour. 

Experiments were performed in a 50 m long, 1.1 m wide re-circulating glass-walled flume. Plants 

with 2.8 mm diameter and 28 cm in height were used to cover 6 m long section (in thin-walled metal 

boxes) at the centre of the 36 m section of the flume. A 0.10 m thick layer of crushed rock was used to 

cover 15 m long sections before and after the test area. Smoother rock was used for covering the last 

2.5 m before the test area. Wheat (having flexibility comparable to grass) seeds were planted in 0.10 

m layer of topsoil and covered with a jute cloth. These had an average density of 12,000 stems/m2. 

      Panigrahi (2015, M Tech Thesis, NIT Rourkela) investigated the impact of roughness 

characteristics of rigid vegetation on the flow behaviour in open channels. Experiments were 

conducted at Fluid Mechanics Laboratory of NIT Rourkela. Straight simple channel in the form of a 

tilting flume with metal frame and glass walls at test section, having a length of 12 m, 0.6 m width 

and depth of 0.45 m was used. 297 cylindrical iron rods, each having 6 mm diameter and 14 cm 

length were drilled into the test section (6.5 m length) to simulate rigid vegetation (Vegetation density 

being 78/m2). These were placed in a staggered pattern at a lateral and longitudinal spacing of 8 cm. 

      Panigrahi and Khatua (2015) predicted the velocity distribution in open channels with rigid 

vegetation on the same setup mentioned above in Panigrahi (2015, M Tech thesis, NIT Rourkela) with 

a minor modification that the test section was reduced to 6 m. 

      Liu et al. (2008) performed an experimental study to interpret the flow behaviour of channels with 

rigid vegetation incorporating both longitudinal and vertical velocity measurements based on 

vegetation configuration and condition. Experiments were conducted at Baker Environmental 

Hydraulics laboratory at Virginia Tech in a water recirculating, tilting flume 4.3 m long and 0.3 m 

wide. Acrylic dowels 6.35 mm in diameter and 76 mm height were used to simulate vegetation. 

Vegetation reach (3.0 m x 0.3 m) was located 1.3 m from the flume entrance. Three set of experiments 

with varying dowel density arrangements (s/d ratio, where s is the distance between the centre of two 
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rows of dowels and d is the diameter of the dowels) and varying vegetation arrangement 

(linear/staggered) under a combination of emergent and submerged conditions were performed.  

      Carollo et al. (2002) performed experimental runs on the laboratory flume of Dipartimento di 

Ingegneria Idraulica ed Applicazioni Ambientali at the Univ. of Palermo, Italy to undertake flow 

velocity measurements in vegetated channels. The flume was 14 m long, 0.6 m wide and 0.6 m deep. 

The test section (3 m long) was located at 7.5 m from entrance section. The turf layer had soil layer 

sown and obtained vegetated plot was installed into test reach. The grass bed composed of a mixture 

of 50% stable Loietto, 40% Festuca rubra, and 10% Poa pratensis. Experiments with vegetated 

samples of five different vegetation heights (11cm, 20 cm, 11.5 cm, 5.9 cm and 3.5 cm) and four 

different concentration values- 280, 310, 337, and 440 stems per unit area (dm2) were used.  

      Termini (2015) carried upon his work in Carollo et al. (2002, 2005) to investigate the effects of 

flexible vegetation on flow conveyance. Experiments were carried out on a rectangular straight flume, 

14.4 m long and 0.6 m wide. channel bed was made of grass consisting of a mixture of stable Loietto 

(50%), Festuca rubra (40%) and Poa pratensis (10%) while channel banks were rigid.  Ribbon-like 

stems of width 4.4 mm made up the turf so formed. Vegetated reach (3 m) was located at 7.9 m from 

the entrance section. Four different vegetation concentrations (280, 310, 337, 440 stems/dm2) and five 

different vegetation heights (11.5 cm, 11 cm, 5.9 cm, 3.5 cm and 20 cm) were used for the eighty-two 

experimental runs. 

3. Model Development for Discharge (Q)

Discharge in an open channel is observed to depend on the channel geometry, channel shape and bed 

slope. For compound channels and meandering channels, sinuosity, relative roughness of bed and 

floodplains, relative depth, further come into picture as suggested by Ervine et al. (1993). For 

channels with vegetation growth in bed or floodplains, there are even more parameters which 

influence the flow. Vegetation type, characteristics, arrangement and their condition in presence of 

water significantly influence the flow behaviour.  

      Taking a lot of parameters into account can make the model complex and of little use (parameters 

having more influence on quantity to be predicted should be considered). Hence for prediction of 

discharge in vegetated channels following seven parameters are considered in the study: 

a. α (=B/h)        [where B is the width of channel and h is the flow depth] 

b. So, channel bed slope

c. Fr, Froude’s Number (= V/√𝑔𝐷)

[where V is the flow velocity, g the acceleration due to gravity and D the hydraulic depth]

d. Re,  Reynold’s Number (= VR/v)

[where V is the flow velocity, R the hydraulic radius and v the kinematic viscosity)

e. l*, Submergence Ratio (= wetted stem length/flow depth)

f. Dv/Hv  [where Dv is the diameter or width of vegetation and Hv the height of vegetation]

g. s/Dv

[where s is the spacing between two rows of vegetation and Dv  the diameter of vegetation]

The parameter α and So take care of the channel shape and type. Fr is necessary to counter the flow 

regime (subcritical or supercritical). Re takes into account whether the flow is laminar or turbulent. 

Almost all open channel flows in nature are turbulent (clear from observations). As mentioned above 

vegetation characteristics are necessary to study their influence on flow, hence, to incorporate their 

roles three non-dimensional parameters- l*, Dv/Hv, s/Dv have been considered. Compound channels 

haven’t been considered in this study due to limited data on vegetated compound channels. Roughness 
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and relative depths should also be considered if one has to study such channels. The proposed model 

can be defined as follows: 

Q = f (α, So, Fr, Re, l*, Dv/Hv , s/Dv)  (1) 

3.1 Dataset 

Based on all the parameters discussed above and the various experimental studies taken into 

consideration, the following extensive dataset (Table 1) was constructed. It consists of 198 data 

records. 

Table 1 Parameters for Development of Discharge Model 

Author(s) 
Run 

Type/ 

No 
α So Fr Re     l* Dv/Hv s/Dv         Q 

 Shejule (2019) I (6) 5.45-10 0.0012 0.246-0.289 11063-21399 1 0.0428 13.33 0.007989-0.1395 

 Xia and Nehal 

 (2013) 

V0 (8) 4.89-12.22 0.0007692 0.502-0.604 12996-61801 0 0 0 0.0065-0.03095 

V1 (9) 2.92-8.32 0.0007692 0.216-0.278 12324-47922 1 0.0192 39.13 0.00616-0.02391 
V2 (9) 2.76-8.59 0.0007692 0.17-0.233 9957-41121 1 0.0192 26.09 0.00498-0.02056 

V3 (9) 2.19-8.7 0.0007692 0.07-0.133 5752-25758 1 0.0192 13.04 0.00288-0.0129 

V4 (9) 2.52-7.2 0.0007692 0.079-0.121 5955-21801 1 0.0192 13.04 0.00298-0.0109 

 Jarvela (2005) I (9) 1.56-3.59 0 0.032-0.169 24242-86667 0.396-0.915 0.01 1.03 0.04-0.143 

 Panigrahi 

 (2015) 

I (6) 2.45-4.84 0.00064 0.172-0.208 16654-43386 0.408-0.806 0.065 15.38 0.0137-0.043 

II (5) 6.59-10 0.00064 0.162-0.206 7906-10665 1 0.065 15.38 0.005-0.0078 

`Panigrahi and 

 Khatua (2015) 
I (12) 9.23-35.29 0.00064 0.237-0.648 3696-16655 1 0.065 15.38 0.002345-0.0132 

 Liu et al. (2008) 
I (6) 2.97-5 0.003 0.321-0.473 12857-23979 0.752-1 0.0836 8, 16 0.0057, 0.0114 
II (6) 4.05-4.62 0.003 0.233-0.282 9792-10201 1 0.0836 5 0.0044 

III (6) 2.52-2.63 0.003 0.296-0.315 21126-21526 0.639-0.667 0.0836 5 0.0114 

 Carollo et al. 

 (2002) 

I (1) 5.04 0.01 0.487 44734 0.924 0.04 1.28 0.0376 

II (8) 3.02-4.44 0.002, 0.01 0.273-0.72 30477-109299 1 0.022 1.08 0.0269-0.1059 
III (5) 2.2-4.69 0.002 0.312-0.641 31331-148854 0.423-0.898 0.0383 1.35 0.0269-0.1708 

IV (1) 2.17 0.002 0.689 163029 0.213 0.0746 1.23 0.1887 

V (1) 2.2 0.002 0.71 164890 0.129 0.1257 1.23 0.1892 

Termini 

(2015) 

I (9) 2.2-4.69 0.002 0.312-0.641 31331-148854 0.423-0.898 0.0383 1.35 0.0269-0.1708 
II (28) 4.44-9.84 0.001-0.05 0.218-0.487 15260-44734 0.815-1 0.04 1.28 0.012-0.0382 

III (1) 2.17 0.002 0.689 163029 0.213 0.0746 1.23 0.1887 

IV (1) 2.2 0.002 0.71 164890 0.129 0.1257 1.23 0.1892 
V (43) 3.02-9.84 0.001-0.05 0.273-0.72 15784-109958 1 0.022 1.08 0.012-0.1073 

3.2 Model Characteristics 

The dataset constructed above is segregated into Training and Validation datasets. Here, from a total 

of 198 records, 122 records (62%) were separated for training and 76 records (38%) for the purpose of 

validation. The model development involves certain control factors. These have been listed in Table 2. 

GeneXproTools 5.0 is the MGGP product used in developing the model. Regulation and optimum 

values imparted to these associated factors or parameters help in achieving accuracy for the model. 

      MGGP works on the principle of evolving the model based on certain criteria. Fitness function 

being the criteria involved here. Root Mean Square Error (RMSE) is the specific fitness function used 

in this study. Based on the dataset supplied initially, a preliminary unfit solution is produced which 

remains in the chromosome of 1st generation. This is then subjected to fitness function defined as: 

f = ∑ |𝑋𝑗 − 𝑌𝑗|𝑁
𝑗=1   (2) 

where Xj = chromosomal value for jth fitness case and Yj = expected value for jth fitness case 

      Based on the evaluation of the chromosomes for this condition causes their mutation or 

recombination if they fall back in fitness criteria so as to attain a high fitness value and hence form a 

high performance model. In this case, minimal RMSE for the predicted discharge values would make 

the model powerful. 
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Table 2 Model Control Factors and their Values 

Description of Control Factor Control Factor Values 

Independent Variables 7 

Training Records 122 

Validation Records 76 

Number of Chromosomes 30 

Number of Genes 3 

Program Size  42 

Head Size 8 

Tail Size 9 

Gene Size 26 

Constants per Gene 5 

Linking Function Addition 

Fitness Function RMSE 

Data Type Floating-point 

Function Set +, - ,*, /, exp, ln, X2 

      As shown in Table 2, seven independent parameters (α, So, Fr, Re, l*, Dv/Hv , s/Dv) were used to 

predict discharge, Q (dependent variable). Here, non-dimensional parameters have been used but even 

dimensional parameters can also be used in modelling. A combination of Seven operators (arithmetic 

and mathematical) are taken to generate the relationship with addition being the linking function for 

the 3 genes (sub-ETs) generated.  

4. Results and Discussion

For the given dataset and considered parameters, an ET (as shown in Figure 1) was generated with the 

use of MGGP approach. The expression on each of these genes is evaluated and combined using the 

linking function (+) to get the discharge model. 

      The MGGP tree (shown in Figure 1) can be expressed as the following analytical expression for 

discharge: 

Q = ln  (
−23.107 − Re − 𝑙∗ − s/Dv

Re − 4.627α
) + (𝑒𝑚1+𝑙∗ −  𝑒𝑚1. ln 𝛼 ) + ( 𝑒𝑚2 + 

Dv

Hv
 + 1.601𝑒𝑚2)   (3) 

where  m1 = Fr – So – 4.436   (4) 

m2 = So  + Fr  – α – s/Dv   (5) 

     The efficacy of any model is established by error analysis studies. It helps to realize how close the 

model is to reality. Correlation coefficient, Coefficient of determination (R2), Mean Absolute Error 

(MAE), Mean Squared Error (MSE), Root Mean Square Error (RMSE) are popular entities in error 

analysis. 

R2  = 
∑(𝑋−�̅�)(𝑌−�̅�)

∑(𝑋−�̅�)2  ∑(𝑌−�̅�)2
(6) 

MAE  =  
∑ | 𝑋−𝑌 |

𝑛
(7)
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MSE  = 
∑(𝑋−𝑌)2

𝑛
  (8) 

RMSE =  √
 ∑( 𝑋−𝑌)

2

𝑛
(9) 

where X = observed value; X̅ = Mean of observed values 

Y = predicted value; Y̅ = Mean of predicted values 

      R2 value of 1 means perfect correlation i.e. the model exactly reflects the experimental results. The 

error analysis for the adopted model given by Eq. (3) was also performed and its statistics have been 

displayed in Table 3. 

Figure 1 MGGP Tree for the Discharge Model 

Here d0 = α , d1 = So , d2 = Fr , d3 = Re , d4 = l* , d5 = Dv/Hv  and  d6 = s/Dv 

+

+ 
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Table 3 Training and Validation Statistics 

Statistical Parameter Training Validation 

Correlation Coefficient 0.98663 0.96262 

R2 0.97343 0.92664 

Mean Squared Error (MSE) 0.00008 0.00017 

Mean Absolute Error (MAE) 0.0066 0.0075 

Root Mean Square Error (RMSE) 0.0094 0.013 

Best Fitness (out of 1000) 990.7 987.1 

High correlation, R2 values (close to 1) and fitness values for both training and testing are close to the 

maximum fitness of 1000 indicating that the model gives satisfactory results in error analysis and can 

be used for making good predictions. 

Figure 2 Scatter Plot for (a) Training Records (b) Validation Records 
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Figure 3 Plot showing the observed and predicted discharge values for various datasets used in study 

Error analysis and the above plots clearly suggest the accuracy of the model. 

Table 4 Sensitivity of variables and their influence on the predicted model 

Variable α So Fr Re l* Dv/Hv s/Dv 

Sensitivity (%) 36 1.71 24.2 1.67 6.06 2.16 28.2 

It was also observed that for models with any of the seven variables missing produced lower 

correlation and R2 values compared to the adopted model with all seven variables. Hence it can be 

said that all these parameters are necessary to predict discharge in vegetated channels and their 

influence being given in Table 4. 

5. Conclusions

The following can be concluded from this study: 

• With the help of Multi Gene Genetic Programming (MGGP) and the software application,

GeneXproTools 5.0, a highly precise and powerful model for the prediction of discharge in

open channels with vegetation was developed.

• For this data-driven model, an extensive dataset was constructed comprising of 198 records

from previous experiments conducted by simulating vegetation in laboratory. Of these

records, 122 records were used for training and generating the model while the rest 76 were

used for validating it.

• Based on this model, discharge in a channel with vegetation depends on a few geometrical,

hydraulic and vegetation parameters. These seven parameters are listed as follows:

α, So, Fr, Re, l*, Dv/Hv, and s/Dv 

• Various error analysis was performed on the generated model to test its accuracy and the

model gave satisfactory results with high correlation and R2 values, and minimal errors for

both training and validation data. Fitness criteria was successfully met and very high fitness

values were obtained. The statistics of error analysis have been shown in Table 3.

• Such high R2 and fitness values are difficult to obtain using traditional approaches. This gives

MGGP, an advanced soft computing technique, an edge over the conventional techniques.

The reason being, Genetic Programming doesn’t make any prior assumptions or doesn’t have

any bias for the parameters involved in modelling. Having passed the fitness criteria, error

analysis and other verification methods, the proposed model can be satisfactorily

implemented for discharge predictions in vegetated channels.
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• Strength of such innovative current technologies enable us to extend our horizons and get

solutions for complex problems which were thought as unsolvable in the past. This study also

encourages researchers to use more of these modern-day computational algorithms and

techniques in hydraulics and other fields.
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