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ABSTRACT 

This study aimed at sedimentation assessment in an reservoir, for the first time, in an arid region watershed located in 

Kukma village of Kachchh, Gujarat by performing aerial topographical survey. The topographical database was subjected to 

SURFER software to generate grid, contour map and three-dimensional digital model of the reservoir by interpolating 

reduced levels spatially using kriging technique. Storage volumes were computed for entire depth of the reservoir at 1 cm 

interval by using trapezoidal formula. The storage volume data were utilized to develop depth-capacity curve, which was 

fitted with three empirical regression models, i.e. logarithmic, power, and exponential, and the best-fit model was selected by 

applying five goodness-of-fit criteria, i.e. correlation coefficient (R), coefficient of determination (R2), root mean square 

(RMSE), modified Nash-Sutcliffe efficiency (MNSE) and modified index of agreement (MIA). Contour map of the reservoir 

revealed the maximum depth of 2.85 m corresponding to full storage capacity of 24879 m3. The three-dimensional view 

closely matched with the real outlook, which confirmed accuracy of the survey and data analysis. The depth-capacity curve 

was utilized to determine rainwater storage during years 2012 and 2013 as 925 and 24879 m3, respectively in response to 

79.1 and 291.9 mm of rainfall, respectively. This finding suggests that reduction in monsoon rainfall causes significant 

reduction in the rainwater storage. The power regression model is considered as the best-fit in this study due to the lowest 

RMSE (293 m3), and highest R (0.98) and R2 (0.93) values. The values of MNSE (0.60) and MIA (0.83) further supported 

the selection of the best-fit model. It is revealed that capacity of the reservoir is reduced by 4305.5 m3 (14.75%) over a 

period of 12 years due to sedimentation occurred at average annual rate of 358.8 m3. Finally, it is emphasized that there is 

need for planning and implementation of appropriate soil conservation measures within the reservoir catchment. 

Key Words: Arid region, Depth-capacity curve, Kriging, Reservoir, Reservoir sedimentation, 

Topographical survey. 

 

Runoff water, generated from rainfall or snowmelt, causes soil particles on the surface of a 

watershed to be eroded and transported through the processes of sheet, rill, and gully 

erosions. Once sediment particles get eroded, these are transported through a stream or small 

river system and are eventually deposited in reservoirs, in lakes, or at sea (Randle et al., 

2006). Reservoirs are designed for various purposes, e.g. retention for flood control, 

debris/sediment storage, irrigation, municipal water supply, power production, recreation, 

navigation, rainwater conservation, and water quality control. Reservoir sedimentation is a 

continuing natural depositional process that can remain invisible for a significant portion of 

the life of a reservoir. However, lack of visual evidence does not reduce the potential adverse 

impacts of reservoir sedimentation on functional operations of a reservoir (Lin, 1997). 

Sedimentation process reduces the storage capacity of the world’s reservoirs by more than 

1% annually (Batuca and Jordaan, 2000).  
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As sediment deposition depletes reservoir storage volume, periodic reallocation of available 

storage at various levels may be necessary to satisfy operational requirements of water users. 

In addition, implementing appropriate soil conservation measures in the upstream catchment 

can be a viable strategy to reduce sedimentation and enhance reservoir life (Machiwal and 

Dayal, 2011). Prior to planning any sediment control structures upstream or silt removal 

activities inside the reservoir, it is essential to have an estimate of amount of sediment load 

deposited in the reservoir. There are various methods and techniques to estimate sediment 

deposition in the reservoirs with the most widely-used and accurate method of preparing 

contour map of the reservoir by conducting topographical survey. The topographical surveys 

may be called as aerial, if the reservoir remains empty at the time of survey, or bathymetric, if 

the reservoir is full of water during survey (Ferrari and Collins, 2006). The more precise 

contour map is developed by aerial survey when the reservoir is empty, exposing all areas to 

be measured, but this condition seldom occurs for the large size reservoirs, making a 

combination of aerial and bathymetric survey necessary. The aerial topographical survey is 

advantageous over the bathymetric survey due to less time and cost associated with the 

former method. 

 
In arid region of Gujarat, rainfall is highly erratic and low with 100-year mean annual rainfall 

of 341 mm (Machiwal et al., 2015), which along with frequent dry spells and droughts is 

responsible for scarcity of surface water resources (Prusty, 2009). Furthermore, it is observed 

that after year 2000, the major part of the annual rainfall occurs within 2-3 days through high-

intensity rainfall events of short duration that may likely be due to foreseen climate 

variability. These high-intensity rainfall events cause huge quantities of soils to get eroded 

and transported resulting in land degradation over large areas. The water erosion is the most 

dominant land degradation process in the region, affecting about 43% of the total area 

(mostly in croplands), followed by salinity (38%), while vegetation degradation (10%) and 

wind erosion (5%) covered smaller areas. Of the total area of Gujarat, approximately 17.1% 

area is affected by very severe water erosion, while 9.9% area is under severe erosion and 

5.2% under moderate erosion (Kar and Singh, 2003). The eroded soils finally get deposited in 

the low lying areas and create problems of siltation, which is mainly experienced towards 

northern steep slopes of the region where high amounts of sedimentation occurs (Machiwal 

and Dayal, 2011). There are many reservoirs constructed in agricultural fields and village 

ponds towards the northern side, which are loosing their storage potential due to reservoir 

sedimentation. Looking at severity of the problem, it is essential to estimate amount of 

reservoir sedimentation in order to develop management strategies to cope up with the soil 

erosion and sedimentation hazards. Therefore, in this study, an approach is proposed and 

demonstrated to quantify reservoir sedimentation, for the first time, in a reservoir of arid 

region watershed located at steep northern slopes of Kachchh by conducting precise aerial 

topographical survey. In addition, depth-capacity curve and three-dimensional digital model 

of the reservoir were developed, which are very useful for monitoring water storages and 

losses of the reservoir. 
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MATERIALS AND METHODS 

 

Location of Study Area and Construction of Reservoir 

The Kukma watershed (study area) is situated in Kachchh, the largest district of Gujarat and 

the second largest district of India (Fig. 1), and is about 14 km away from Bhuj city. The 

watershed is located between 23°10′ and 23°14′ North latitude and 69°46′ and 69°49′ East 

longitude encompassing an area of about 71.12 ha in Bhuj block of Kachchh district. Within 

the Kukma watershed, campus of the Central Arid Zone Research Institute (CAZRI), 

Regional Research Station, Bhuj is situated (Fig. 1). The watershed is crossed by the Bhuj-

Gandhidham highway, which passes parallel to southern boundary of the CAZRI campus.  

 

One reservoir of 20000 m3 storage capacity was constructed at lowest elevation in northwest 

corner of the CAZRI campus in the year 2001 (Fig. 1). Currently, size of the reservoir is 180 

m × 90 m and depth is less than 1.5 m. The reservoir received significant quantities of the 

runoff water over the past 14-year (2001-2014) period. The stored rainwater was initially 

used to meet drinking as well as irrigation water requirements. Later on, the water was 

utilized to provide supplemental irrigation to winter and summer season crops. Runoff 

generated in reservoir catchment brought large quantities of the eroded sediment over the 

years, which get deposited in the submergence area of reservoir and reduced its storage 

capacity. It has been observed that during an average rainfall year (average annual rainfall = 

350 mm approximately), the reservoir is filled up to its maximum storage capacity. During 

surplus rainfall years, the reservoir is seen full of rainwater and vast amounts of excess runoff 

were escaped out of the reservoir. Hence, storage capacity of the reservoir was increased by 

4803 and 4381.5 m3 in the years 2008 and 2009, respectively. Presently, the reservoir has the 

gross theoretical storage capacity of 29184.5 m3. 

 

Climate and Topography 

Mean annual rainfall of the study area is 396 mm with standard deviation of 288 mm based 

on 26-year period (1988-2013) data; more than 90% annual rainfall is received during rainy 

season (June to September) only. During rest of the months, dry period (from October to May 

months) causes huge water losses from surface as well as subsurface reservoirs. Furthermore, 

it is seen that a major portion of the monsoon rainfall generally occurs within 2-3 days with 

very high intensity storms, for example, it can be seen from Table 1 that during the past seven 

years (2007-2013), considerable portion of the annual rainfall ranging from 38-68% occurred 

in consecutive 2-4 days in the study area. This short duration and high intensity rainfall 

generates vast amounts of surface runoff, which flows with high velocity and quickly escapes 

from the area (Machiwal and Dayal, 2013). The flowing runoff water erodes the catchment 

soils and carries detached sediment load through its flowing path. Entire runoff water 

generated within the area is diverted towards the reservoir, where large part of sediment load 

gets deposited. The area experiences average 12 rainy days and high normal potential 

evapotranspiration (1900 mm/year) (Singh and Kar, 1996), which put stress on the scanty 
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surface water resources. The climate of the area is hot and arid, and catchment topography is 

undulating with moderate to steep slopes, which are prevalent in watersheds of Kachchh 

district (DWDU, 2010). 

 

Delineating Boundary of Kukma Watershed 

A reconnaissance survey was conducted over the study area during June 2011 to get 

knowledge about elementary information on the natural flow of runoff water and to 

determine size and shape of the reservoir. Earlier, boundaries of Kukma watershed were not 

well-defined, and hence, extent of Kukma watershed was extracted by digitizing boundaries 

of the watershed from the geometrically rectified toposheet by using watershed approach. 

Care was taken to in extending drainage lines without crossing/intersecting any other 

drainage line. GIS was used to delineate boundaries of the watershed by using Integrated 

Land and Water Information System (ILWIS) software, version 3.2 (ILWIS, 2001). In GIS, 

Universal Transverse Mercator (UTM) projection system was used with Ellipsoid as Everest 

India 1956 and Datum as Indian (India Nepal). The delineated map of the Kukma watershed 

along with its location and reservoir is shown in Fig. 1. 

 

Performing Aerial Topographical Survey of Reservoir 

Topographical survey of the reservoir was performed in last week of June 2012 by using 

Auto Level. Period for conducting the survey was purposefully chosen in summer season as 

the reservoir was completely empty of water at that time. Thus, the stored rainwater in the 

reservoir could not be a trouble/hindrance for executing the survey. The reservoir is 

rectangular in shape (size 180 m × 90 m) and the survey lines were kept along the width. The 

survey was carried out on grid-basis in submergence area of the reservoir by dividing the 

entire area into squares of 2.5 m × 2.5 m; interval between any two rows or any two columns 

was 2.5 m. Thus, a total of 72 rows were surveyed with a total of 36 observations of reduced 

levels on each row. When one row was complete, survey on another row at 2.5 m distance 

from the earlier one was performed. In this way, a total number of 2675 grid points (stations) 

were surveyed and heights of all the stations were recorded by using the Auto Level. Bench 

mark for taking relative elevation (reduced level) of all the surveyed stations was chosen as 

the crest surface of surplus weir on the reservoir. The elevation of the bench mark was 

assumed as 100 m for the survey. Once the field work was over, the reduced levels of all 

surveyed stations were calculated with reference to the assumed elevation of the bench mark. 

The reduced levels of all surveyed points along with their location coordinates (x- and y- 

coordinates) were used to create database (in MS-Excel) of the topographical survey in three 

dimensions. The database was checked for the correctness of observation and presence of 

typographical mistakes. 

 

Creating Contour Map, 3-Dimension Digital Model and Depth-Capacity Curve 

The final checked topographical database consisting of x-, y- and z-coordinates of the 

surveyed points were subjected to SURFER (version 8.04) software (SURFER, 2003) in 
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order to create contour map of the reservoir. Firstly, a grid file was created in to generate z-

value for regularly spaced x- and y- coordinates in such a way that none of node is left with 

empty or unknown z-value. This process is accompanied by interpolation/extrapolation of the 

point values by using a variety of interpolation techniques. However, kriging, or best linear 

unbiased estimation (BLUE), given only the variogram, has found the most applications in 

mining, geology, and hydrology (Journal and Huijbregts, 1978; Kitanidis, 1997). Hence, in 

this study, kriging interpolation technique was used for interpolating reduced levels of the 

surveyed points. A major advantage of kriging is that it is more flexible than other 

interpolation methods (Kitanidis, 1997). The weights are not selected on the basis of some 

arbitrary rule that may be applicable in some cases but not in others, but depend on how the 

function varies in space. Furthermore, storage volumes of water were computed between two 

defined upper and lower surfaces by using SURFER software. The volume is computed by 

using trapezoidal formula, Simpson’s 1/3rd and Simpson’s 3/8th rules and all three volume 

values are provided by the software. In literature, all three methods are suggested to provide 

fair estimates of volume. However, in this study, volumes computed by the trapezoidal 

formula were used for subsequent analyses. The trapezoidal volumes were computed at 1 cm 

interval for the entire depth of reservoir. This gives estimates of storage capacity of the 

reservoir for every 1 cm depth, which was utilized to develop depth-capacity curve of the 

reservoir. The developed depth-capacity curve works as ready reference to know storage 

volume of the reservoir for any known storage depth, which can easily be monitored by 

installing a suitable scale in the reservoir. Furthermore, the developed curve was fitted with 

three empirical mathematical regression models, i.e. logarithmic, power and exponential by 

using MS-Excel software. Of the three fitted models, the best-fit model was chosen based on 

three widely-used goodness-of-fit criteria, i.e. coefficient of determination (R2), root mean 

square error (RMSE) and correlation coefficient (R). The goodness-of-fit criteria based on 

correlation measures such as R and R2 are considered to be over-sensitive to extreme values 

and insensitive to additive and proportional differences between observations and regression-

based predictions (Moore, 1991). Therefore, two additional criteria namely, modified Nash-

Sutcliffe efficiency, MNSE (Legates and McCabe, 1999), and modified index of agreement, 

MIA (Willmott et al., 1985) were also employed to ensure better evaluation. The goodness-

of-fit evaluation criteria are summarized in Table 2. 

 

Monitoring Water Levels in Reservoir 

In years 2012 and 2013, water levels in the reservoir were monitored on daily basis by 

installing one wooden scale of 3 m height with nearest accuracy of 1 cm. The scale was 

placed at point having lowest depression in submergence zone of the reservoir to enabling 

monitoring of the water level even during the times of very low storage. Every year, the water 

level monitoring was started from the day when first time rainwater entered in the reservoir. 

 

RESULTS AND DISCUSSION 

Topography of the Reservoir 
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Topography of the reservoir in Kukma watershed was generated from the data obtained from 

topographical survey. Contour map of the reservoir showing kriged reduced levels of the land 

was classified into different classes of storage depth with contour interval of 0.20 m and is 

shown in Fig. 2 along with its three-dimensional view. The contour labels are marked for 

every 1 m interval contour starting from contour level of 96.2 m. Maximum depth of the 

reservoir was found to be 2.85 m confining the volume between lowest depression at 97.2 m 

and crest surface of surplus weir at 100 m. It can be seen from contour map of the reservoir 

(Fig. 2) that there are two low depressions in the reservoir, first exists in the original reservoir 

while the second one is situated in the portion extended second time in the year 2009. The 

three-dimensional view of the reservoir clearly shows two extensions of the reservoir, which 

were made after 8-9 years since the original reservoir was constructed. The three-dimensional 

view can be used in simulating top layer of surface water levels for any depth of storage 

water inside reservoir. This is helpful in estimating expected water surface area exposed to 

atmosphere, which is largely responsible in occurring evaporation losses from the reservoir. 

 

Depth-Capacity Curve of the Reservoir 

Storage volumes in the reservoir were computed at an interval of 1 cm starting from the 

deepest reduced level of 97.15 m (no water) and reaching up to highest reduced level of 100 

m (reservoir at full capacity). The storage volumes were estimated by trapezoidal formula and 

the estimated storage volumes were plotted against respective storage depths of water to 

develop depth-capacity curve of the reservoir, which is shown in Fig. 3. It is revealed from 

Fig. 3 that the reservoir can accumulate about 24879 m3 of rainwater at full storage capacity 

of 2.85 m. Furthermore, it is apparent that initially the relationship between depth and 

capacity is approximately exponential in nature, with almost linear relationship at higher 

storage depths. This finding suggests that when rainwater starts accumulating inside the 

reservoir, the storage depth starts rising at relatively slow rate but when more and more 

rainwater will enter, the storage depth will incline at faster and faster rates. 

 

Surface water levels in the reservoir were monitored in the reservoir during years 2012 and 

2013, which were used to compute daily water loss occurring from the reservoir. 

Hydrographs of the reservoir water levels and barcharts of daily water loss for the years 2012 

and 2013 are depicted in Figs. 4(a,b), respectively. It is apparent from Fig. 4(a) that the 

reservoir in the year 2012 could be filled up to a maximum water depth of 66 cm 

corresponding to 925 m3 volume of stored rainwater in response to monsoon rainfall of 79.1 

mm. Whereas, the surface water level in the year 2013 reached up to a height of 2.85 m 

above bottom surface of the reservoir, indicating accumulation of 24879 m3 of rainwater 

against monsoon rainfall of 291.9 mm [Fig. 4(b)]. It can be noted that the water loss is 

negative on 11th and 12th September 2012, which is due to occurrence of rainfall on both the 

days that resulted in rise of surface water level inside the pond. The observation of rainfall 

and rainwater storage in two years revealed that rainfall in the year 2012 was 72% less than 

that in the year 2013, which could decline the availability of the stored rainwater by 96% in 
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2012 in comparison to rainwater storage in year 2013. This finding clearly indicates that 

reduction in monsoon rainfall causes significant reduction in the rainwater storage in the 

reservoir. 

 

Best-Fit Regression Model for Reservoir Depth-Capacity 

Results of the regression analysis, i.e. mathematical expressions of the best-fit models and 

values of the five goodness-of-fit criteria, i.e. R2, RMSE, R, MNSE and MIA are summarized 

in Table 3. It is seen from Table 3 that values of two goodness-of-fit criteria, i.e. R2 and R, 

are more than 0.90 for power regression model (R2 = 0.93, R = 0.98). Hence, this model is 

the best-fit for estimating storage capacity of the reservoir for any given depth of stored 

rainwater. The storage capacity of the reservoir was estimated by using the power model for 

different water storage depths. Furthermore, RMSE value is the lowest (18.74 m3) and values 

of MNSE and MIA are the highest and closer to one (0.60 and 0.83, respectively) for the 

power model. Therefore, the power regression model is considered as the best-fit model in 

this study to estimate reservoir storage based on monitored water depth.  

 

Reduced Reservoir Capacity due to Sedimentation 

Estimated original capacity of the reservoir constructed in the year 2001 was 20000 m3, 

which was subsequently increased in the years 2008 and 2009 by additional capacities of 

4803 and 4381.5 m3, respectively. Thus, the current expected maximum storage capacity of 

the reservoir should be 29184.5 m3. However, the actual or real maximum capacity of the 

reservoir is estimated as 24879 m3 from the results obtained by analyzing data of 

topographical survey in SURFER software. Therefore, it is revealed that the current 

maximum storage capacity of the reservoir is short by an amount of 4305.5 m3, which 

indicates amount of sedimentation occurred in the reservoir due to soil erosion and 

transportation from catchment of Kukma watershed. In other words, it can be stated that over 

a period of 12 years, a total of 4305.5 m3 of soil gets eroded from the watershed and 

accumulated in the reservoir at an average annual silt deposition rate of 358.8 m3. With this 

estimate, it is revealed that sedimentation reduced the storage capacity of reservoir by 

14.75% over 12-year period and the total annual storage loss works out to be 1.23%. In 

literature, no study has been reported so far on estimation of reservoir sedimentation or 

storage loss for Kachchh region. However, Pande et al. (2014) reported an annual storage loss 

of 0.49% in Sardar Sarovar Reservoir, Bharuch, Gujarat, which is a very large multipurpose 

reservoir, and thus, quantities of storage loss may not be comparable with the very small size 

reservoir of this study. Presence of mainly agricultural land in the reservoir’s catchment, with 

large soil manipulation due to agricultural operations, causes soil to be easily loosened, 

transported and deposited in the reservoir, and thus, the annual storage loss is quite high. 

Looking at such a large annual storage loss, periodic removal of the deposited sediments 

from the reservoir is suggested. Moreover, adequate planning and implementation of soil 

conservation measures in the upper catchment and drainage channels is essential for the 

watershed in order to avoid soil loss and also to sustain life of the reservoir. 
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CONCLUSIONS 

This study proposed methodology for assessment of sedimentation in reservoir of arid region 

of Gujarat by performing precise aerial topographical survey. Contour map of the reservoir 

was drawn through spatial interpolation of reduced levels using kriging technique. The 

maximum depth of the reservoir from crest level of surplus weir was determined as 2.85 m, 

with corresponding full storage capacity of 24879 m3. Three-dimensional digital model of the 

reservoir closely matched with real outlook and confirmed accuracy of survey work and data 

analysis. The depth-capacity curve was developed for the reservoir, which indicated that the 

storage capacity increases exponentially for initial water depths but later on the capacity has 

approximately linear relationship with depth. Rainfall and reservoir storage data for the years 

2012 and 2013 revealed that 72% reduction in rainfall caused significant decline of 96% in 

the reservoir storage. The depth-capacity curve was best-fitted with power empirical 

regression model with relatively high values of correlation coefficient and coefficient of 

determination (R and R2 more than 0.90) and the lowest value of root mean square error (293 

m3). The selection of the power model was further supported by relatively large values of 

modified Nash-Sutcliffe efficiency (0.60) and modified index of agreement (0.83). It was 

estimated that a total of 4305.5 m3 of sedimentation was deposited in the reservoir over 12-

year (2001-2012) at an average annual silt deposition rate of 358.8 m3. Finally, this study 

emphasizes that appropriate planning, design and implementation of soil conservation 

measures is very much essential in reservoir catchment to enhance the life of reservoir. 
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Table 1. Details of highly intense rainfall storms occurred during 2007-2013 period 

 

S. 

No. 

Year Duration Date Rainfall 

(mm) 

% of Annual 

Rainfall 

1 2007 Consecutive 2-days 2nd and 3rd July 200 59 

2 Consecutive 2-days 9th and 10th August 217.2 

3 2008 Single-day 2nd August 49 45 

4 Consecutive 2-days 14th and 15th September 102 

5 2009 Single-day 25th July 94 68 

6 Consecutive 2-days 30th and 31st August 260 

7 2010 Consecutive 4-days 30th and 31st July, and 1st and 

2nd August 

369 38 

8 2011 Consecutive 2-days 11th and 12th August 156 46 

9 Single-day 15th August 57 

10 Consecutive 2-days 5th and 7th September 246 

11 2013 Consecutive 3-days 25th, 26th and 27th September 181.4 62 
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Table 2. Summary of the evaluation criteria used in the study 

 

Evaluation 

Criteria 
Mathematical Expression 

Range of Values 

Worst Best Acceptable 

Correlation 

Coefficient (R) 
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Table 3. Details of fitted regression models, their best-fit equations and goodness-of-fit 

criteria 

Type of Regression Model and 

Equation 

Goodness-of-Fit Criteria 

R2 
RMSE 

(m3) 
R 

MNSE MIA 

Logarithmic 

C = 8680.7 × ln(d) - 32658 
0.71 331 0.76 0.40 0.68 

Power 

C = 0.0025 × d2.9415 
0.93 293 0.98 0.60 0.83 

Exponential 

C = 88.617 × e(0.0242 d) 
0.70 852 0.88 -0.02 0.65 

Note: C = storage capacity of reservoir (m3); d = depth of stored rainwater (cm); R2 = coefficient of 

determination; RMSE = root mean square error; R = correlation coefficient; MNSE = modified Nash-Sutcliffe 

model efficiency; MIA = modified index of agreement 

Figures in boldface indicate the best-fit model. 
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Figure Caption 

 

Fig. 1: Location map of the study area 

 

Fig. 2: Three-dimensional digital model of reservoir 

 

Fig. 3: Depth-capacity curve of the reservoir 

 

Fig. 4: Hydrographs of surface water level and barcharts of daily water loss from reservoir 
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Fig. 1: Location map of the study area 

 

Kukma Watershed 

Source: Google Earth Image 

CAZRI  
Campus 

 

Kachchh 

INDIA 

 

CAZRI Campus 

Reservoir 

Source: Google Earth Image 
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Fig. 2: Three-dimensional digital model of reservoir 
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Fig. 3: Depth-capacity curve of the reservoir 
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Fig. 4: Hydrographs of surface water level and barcharts of daily water loss from 

reservoir in (a) year 2012 and (b) year 2013 
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