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Abstract: Land use/land cover, along with climate variability, play vital roles in hydrological func-
tionality of catchments and are leading threats to inter-related hydrological processes. In the current
study, a physically distributed Soil and Water Assessment Tool model is used to investigate the
impact of historical changes on the hydrologic response of the Damodar catchment (Jharkhand,
India) in terms of inflow to the Panchet reservoir. The model was validated for the monthly runoff
and inflow at the outlets of four watersheds and three reservoirs in the Damodar catchment before
the assessment of changes in inflow at the Panchet reservoir was performed. The analysis of land
cover thematic maps prepared using satellite images of Landsat 4, 5 and 7 showed that from 1972
to 2001, the land cover in the Damodar catchment changed considerably. The interpretation of land
cover results indicates that significant increases in settlements (140%), waterbodies (98.42%) and
agricultural land (26.71%), along with decreases in wasteland (32.63%) and forest (15.28%), occurred
due to development. The Mann—Kendall test was used for measuring the rainfall and temperature
for the Damodar catchment, which showed that this region became drier during 1970-2005, with
decreases in the annual rainfall and increases in the mean temperature. A simulated hydrological
impact under land cover dynamics and climate variability in the historical time frame of 1970-2000
using the model revealed a gradual increase of 26.16% in the Panchet reservoir inflow. The study
revealed that the increased inflow is relatively greater under the influence of climate variability due
to changes in rainfall and temperature, rather than land cover, that were observed over the region.

Keywords: hydrological; SWAT; runoff; inflow; climate; reservoir

1. Introduction

Land use/land cover (LULC) and climate variability affect the hydrological response
and functionality of any region by causing fluctuations in many inter-related processes,
leading to clear hydrology implications for stream flow, soil erosion, sedimentation and
nutrient loadings, etc., at temporal and spatial scales [1-4]. Thus, reliable evidence on
the spatial and temporal distribution of LULC is needed to simulate its effect on the
hydrological response. LULC changes occur for a variety of reasons [5,6] and have been
studied by applying different methods, such as obtaining information from historical
records, field studies and satellite imagery [7,8]. Predictions of future land cover scenarios
based on initial land cover, probabilities of the possible occurrence of a given land cover
change, the spatial patterns of change [9,10] and the modelling of extreme scenarios [11]
have been used for the impact assessment of LULC changes on catchment hydrology.

In recent years, paired watershed designs have served as a reference for many stud-
ies [12,13], and such studies can provide direct evidence of the impacts of land use change
on runoff, soil erosion, etc.; however, they generally require long time steps and cover small

Sustainability 2023, 15, 10304. https:/ /doi.org/10.3390/su151310304 https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su151310304
https://doi.org/10.3390/su151310304
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-3763-4480
https://doi.org/10.3390/su151310304
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151310304?type=check_update&version=1

Sustainability 2023, 15, 10304

20f15

areas, and thus, cannot be easily applied to large catchments due to heterogeneity [14,15].
For these reasons, physically based distributed hydrological models are becoming pop-
ular and are increasingly being used to investigate the hydrological impacts of LULC
changes [16-19], in which LULC properties are characterized by parameters [20]. Other
approaches such as quantifying the historical-fractional changes in the land cover extent
through remote sensing [6] and scenario generation using probabilistic models have been
used to study the impacts of LULC change on watersheds, which serve as basic data for
hydrological modeling. Particularly in regions with a high temporal variability in tempera-
ture or rainfall, the date of the satellite imagery has a pronounced impact on the identifiable
and distinguishable land use classes. To derive a classification that is representative of the
whole year, several land use classifications from different times in the year can be combined
to produce one multitemporal land use classification [21]. By this means, the intra-annual
differences are minimized and a series of such multitemporal land use classifications can
be analyzed to identify the inter-annual or inter-decadal changes over a past period.

Hydrological models of different complexity are available and were established as
powerful tools to quantify the hydrological responses to LULC and climate together [2,22].
The SWAT model is one such model that is extensively cited in the literature and has been
adapted by many researchers to study the impacts of LULC changes and climate variability
on large and small watersheds around the world [23,24]. In recent studies, the SWAT model
was employed to assess the effects of LULC on hydrology [7,22,25,26]. It was applied to the
Zanjanrood basin in Iran [13], the Upper Shire River basin in Malawi [27], the San Pedro
watershed in Mexico [28], the Upper Du watershed in China [29] and the Hiranyakeshi
watershed [19]. The above research shows satisfactory applications of the SWAT model
and broadly concludes that modeling could be a useful technique for identifying sensitive
areas within a river basin/watershed and for linking land cover and hydrology; it could,
therefore, serve as a platform for scenario building for the management of resources in the
future [30,31]. The Damodar catchment is an important area for natural resources such as
forests, agricultural land and minerals; at the same time, a number of various industries,
i.e., coal washeries, steelworks and thermal power plants, are located in the catchment.
Moreover, the larger mining activities increased during the past few decades and have
seriously affected the catchment in terms of LULC change, sedimentation, soil erosion,
etc. Considering these facts and the research needed, the present study was undertaken to
assess the impact of LULC and climate variability on reservoir inflow, with objectives to
calibrate and validate the SWAT hydrological model for the Damodar catchment and to
assess the historical changes in water availability in terms of the reservoir inflow.

2. Materials and Methods
2.1. Study Area: Damodar Catchment

The Damodar catchment is a part of the Damodar River in the Jharkhand state of India
(Figure 1) in the eastern part of the country. The catchment lies between the latitudes of
23°34'0"” and 24°91'0” north and longitudes of 84°42'0" and 86°46'0" east. The catchment
covers an area of 10,878 km? with an elevation variation between 122 and 1340 m above
mean sea level. Daily temperatures vary between a minimum of 3 °C and a maximum
of 44 °C, with an average annual rainfall of 1250 mm over the area. Most of the rainfall
occurs during the monsoon season (July to September), which accounts for more than 80%
of the annual rainfall. The vegetation of the study area comprises mixed forest, mainly
deciduous and tropical moist forest. There are rainfed agricultural activities, along with
irrigated areas, which are supplied by multipurpose reservoirs in the catchment, including
the Konar, Tenughat and Panchet reservoirs.
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Figure 1. Location map of the study area—Damodar catchment.

2.2. Data Sets and Sources

The topography of the Damodar catchment was characterized by using digital eleva-
tion model (DEM) of 30 m resolution, prepared from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer Global Digital Elevation Model, available at NASA’s
Land Processes Distributed Archive Center (LP DAAC). The information pertaining to
soils of the study area and their properties (organic matter content, bulk density, hydraulic
conductivity, drainage pattern and soil hydrologic group) were collected from Damodar
Valley Corporation (DVC), Hazaribagh, India. The soil coverage was classified into three
texture groups—sandy loam (80.17% area), loamy sand (10.3% area) and sandy clay loam
(9.53% area).

The spatial distribution of land use and land cover classes, their dynamics and tempo-
ral conversion from one to the other were studied using remote sensing images of Landsat
satellite 4, 5 and 7 downloaded from Global Land Cover Facility (GLCF) for the years 1972
(Landsat 4), 1989 (Landsat 5) and 2000 (Landsat 7) using different dates.

Due to the large geographical extent and topographical variation, the area witnesses
a spatial and temporal variation in the climatic and hydrological data. Although the
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catchment is the most extensively gauged catchment in the country, availability of various
climatic and hydrological data is still scarce for many watersheds in the catchment. Girded
(1° x 1°) daily rainfall (from 1970 to 2007) and minimum /maximum temperature (from
1970 to 2005) data were collected from the India Meteorological Department (IMD) in Pune,
India. Daily humidity, wind speed, solar radiation and monthly runoff for the monsoon
months (from June to September) for five years (1997-2001) for four watersheds (Barisam,
Banikdih, Mahrand and Nagwan) were collected from Soil Conservation Department
(5CD), DVC, Hazaribagh, India. Reservoir inflow and outflow for Konar and Panchet
reservoirs for the period from 1960 to 2012 were obtained from the Reservoir Operation
Department, DVC, Maithon, Jharkhand, India, whereas the daily inflow and outflow of
Tenughat reservoir, from 1972 to 2012, were collected from the Central Water Commission,
Asansol, West Bengal, India. The Konar River joins the Damodar River near Bokaro city
and finally drains into the Panchet reservoir.

2.3. Distributed Hydrologic Modeling: SWAT Model

The Soil and Water Assessment Tool (SWAT) is a semi-distributed process-based
hydrological model developed by the United States Department of Agriculture-Agricultural
Research Service (USDA-ARS). The model operates on a daily time step to simulate different
hydrological processes at the basin/watershed level [32] to simulate quality and quantity
of surface and ground water resources. The model is capable of evaluating the impact of
heterogeneous soil, land cover changes, sedimentation and agricultural chemical yields on
water quality and quantity. The model is well defined to route water and sediment from
distinct watersheds through the river network, and has the ability to integrate water bodies,
such as ponds and reservoirs, using identical methods of process modeling. For details
about the model, one may refer to the SWAT user manual [33].

2.4. Model Calibration, Up-Scaling of Calibrated Parameter and Validation

The SWAT model was first calibrated by using observed monthly runoff measured
at the outlets of Barisam, Banikdih, Mahrand and Nagwan watersheds during monsoon
months (from June to September), for the period from 1997 to 1999. After calibration of the
model, calibrated parameters were up-scaled to other ungauged watersheds of the Damodar
catchment for the calibration of inflow to the Konar, Tenughat and Panchet reservoirs.
The up-scaling of calibrated parameters was performed for other un-gauged watersheds
of respective sub-catchments (calibrated parameters of Barisam and Banikdih were up-
scaled for Panchet sub-catchment, Nagwan was up-scaled for Konar sub-catchment and
Mahrand was up-scaled for Tenughat sub-catchment for the calibration of reservoir inflow).
Calibration of Tenughat and Konar reservoir was performed first, and then calibration of
Panchet reservoir was performed, as the outflow of Tenughat and Konar are the inflow of the
Panchet reservoir. After calibration for runoff at the outlet of four watersheds and reservoir
inflow, the calibrated parameters were kept constant for model validation to simulate
runoff and reservoir inflows for the period from 2000 to 2001. During the calibration and
validation period, an initial warm-up period of two years was taken to ensure normalized
initial process in model simulation. The model performances during the calibration and
validation processes were evaluated by analyzing the statistical parameters—Nash-Sutcliffe
efficiency (NSE), coefficient of determination (R?), root mean square error (RMSE) and
percent bias (PBIAS)—as goodness of fit criteria, recommended by the American Society of
Civil Engineers (ASCE) 1993 [34].

2.5. Trend Analysis of Historical Meteorology Data

The spatial and temporal trend analysis of the annual and monthly rainfall and
temperature information, collected from IMD as grid data over Damodar catchment for the
period 1970-2005, was performed using Mann-Kendall (MK) test [35]. The test was applied
to quantify the significance and magnitude of monotonic trends in hydro-meteorological
time series. The Damodar catchment is covered by five grids of IMD data—DVC1 (latitude
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23.5 north—longitude 84.5 east), DVC2 (latitude 23.5 north—longitude 85.5 east), DVC3
(latitude 23.5 north—longitude 86.5 east), DVC4 (latitude 24.5 north—longitude 85.5 east),
DVC5 (latitude 24.5 north—longitude 86.5 east)—that were used for the analysis.

2.6. Impact of LULC Change and Climate Variability on Damodar Catchment

To evaluate the impact of historical LULC change and climate variability on the
Damodar catchment hydrology, the approach of one factor at a time was used (i.e., changing
one factor at a time while holding other factors constant). Meteorological data of the three
decadal climate information, i.e., time slices of 1971-1980, 1981-1990 and 1991-2000, were
selected, and each time slice included one LULC map. The LULC maps of 1972, 1990 and
2000 were used to represent the LULC patterns of 1970s (1971-1980), 1990s (1981-1990) and
2000s (1991-2000), respectively. The calibrated and validated SWAT model was run for
each of the nine combinations of three LULC and three time slices, forming a total of nine
scenarios. The influences of the LULC change and climate variability were quantified by
comparing the SWAT outputs of the nine combination scenarios for the Panchet reservoir in
terms of reservoir inflow as follows: T1—1972 LULC map and 1971-1980 climate; T2—1990
LULC map and 1971-1980 climate; T3—2001 LULC map and 1971-1980 climate; T4—1972
LULC map and 1981-1990 climate; T5—1990 LULC map and 1981-1990 climate; T6—2001
LULC map and 1981-1990 climate; T7—1972 LULC map and 1991-2000 climate; T8—1990
LULC map and 1991-2000 climate; T9—2001 LULC map and 1991-2000 climate.

3. Results and Discussion
3.1. Land Use/Land Cover Classification

The historical LULC dynamics of the Damodar catchment were prepared from the
satellite images of Landsat 4 (1972), 5 (1990) and 7 (2001) and separated into the following
five major classes: settlement, forest, water bodies, agricultural land and wasteland. The
accuracy assessment of the classified image was performed only for Landsat 7 and sub-
sequently used for the classification of the Landsat 4 and Landsat 5 images. The overall
classification accuracy (84.50%) and Kappa statistics (0.81) of Landsat 7 indicate that the
accuracy is reasonably good and may be used for further study. The LULC change from
1972 to 2001 was studied, and the area under different land cover classes during this period
is shown in Figure 2. The figure reveals that agriculture (39.38%) and forest (27.11%) land
were dominant in the study area during the year 2001. The analysis shows a good percent
increase in settlement (140%), water bodies (98.42%) and agricultural land (26.71%) that
took place in the catchment from 1972 to 2001. On the other hand, the forest and wasteland
decreased, respectively, by 15.28% and 32.63% during the same period. The increase in
the water bodies” area may be because of the construction of water storage structures
like ponds, check dams and the increase in the water storage level of reservoirs in the
catchment. The increase in the settlement area is due to the increase in mining activities,
which consequently increased the population in the catchment, particularly in the Tenughat
and Panchet sub-catchment.

3.2. Calibration and Validation of SWAT Model

The SWAT model was calibrated (1997-1999) and validated (2000-2001) at the outlets
of four watersheds (Nagwan, Mahrand, Barisam and Banikdih) using the observed monthly
runoff during the monsoon period and the observed reservoir inflow at three reservoirs
(Konar, Tenughat and Panchet) during both the monsoon and non-monsoon periods. The
calibrated parameters, based on the sensitivity analysis for the four watersheds, are shown
in Table 1. The results of the model calibration and validation for runoff and reservoir
inflows are presented below.



Sustainability 2023, 15, 10304 6 of 15

BForest O Wasteland ® Agriculture land O Settlement ™ Water bodies

50

36.50
39.38

40 -

31.79
31.70
31.13
29.40
26.76
27.11

21.50

20 A

Percentage of area (%)

727

3.01
237
431
3.03
474

1972 1990 2001

Year

Figure 2. Percentage of total land cover under different LULC classes in the Damodar catchment
during 1972, 1990 and 2001.

Table 1. Calibrated parameter values for the Barisam, Banikdih, Mahrand and Nagwan watersheds.

Prescribed Range
Model Parameter — - Barisam Banikdih Mahrand Nagwan
Minimum Maximum

OV_N 0.01 30 0.15 0.07 0.20 0.10
CH_N1 0.01 30 0.15 0.21 0.18 0.09
CH_K1 0 300 2.15 6.70 2.50 2.00
CH_N2 0.01 0.3 0.15 0.19 0.01 0.04
CH_K2 0 300 1.00 1.00 1.00 3.00
SURLAG 0 10 1.00 1.00 1.00 1.00

CN2 35 98 49-79 73-81 48-67 49-67
ALPHA_BF 0 1 0.5 0.5 0.5 0.5
CH_EROD 0 1 0.5 0.5 0.5 0.5
CH_COV 0 1 0.5 0.5 0.5 0.5

SPCON 0 0.01 0.009 0.009 0.009 0.009
SPEXP 1 2 1.13 1.13 1.13 1.13
USLE_P 0 1 0.8 0.6 0.8 0.6
ALPHA_GW 0 1 0.3 0.3 0.3 0.3
EPCO 0 1 0.6 0.6 0.6 0.6
ESCO 0 1 0.5 0.5 0.5 0.5

3.3. Runoff: Calibration and Validation

The graphical comparisons of the monthly measured and simulated runoff from the
four watersheds (Barisam, Banikdih, Mahrand and Nagwan) are presented in Figure 3
for monsoon season during the calibration and validation periods. The figure shows that
the magnitude and temporal variation of the simulated monthly runoff follow the pattern
of measured runoff from the four watersheds during monsoon season. The results also
show that during high rainfall in some months, the runoff is over- as well as slightly
underestimated by the model for all four watersheds. This may be due to the low initial
soil moisture and higher storage loss condition. However, the overall graphical comparison
of the model’s performance is satisfactory, as indicated by the close agreement between the
measured and simulated runoff from the four watersheds. In order to compare the model
simulation with the measured counterpart, statistical analyses were performed during the
calibration and validation periods.
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Figure 3. Comparison between measured and simulated monthly runoff during calibration and vali-
dation periods at the outlets of (a) Barisam, (b) Banikdih, (c) Mahrand and (d) Nagwan watersheds.

Statistical tests were performed to compare the simulated monthly runoff and reser-
voir inflows with their measured counterpart, and the results are presented in Table 2. The
statistical test results show a close linear relationship between the measured and simulated
runoff during the calibration period with R? values of 0.83, 0.91, 0.89 and 0.87 for the
Barisam, Banikdih, Mahrand and Nagwan watersheds, respectively. The NSE values of
0.77,0.84, 0.82 and 0.80 for the Barisam, Banikdih, Mahrand, and Nagwan watersheds, re-
spectively, also show a better agreement between the peaks of the measured and simulated
runoff. On the other hand, low RMSE values varying between 16.83 and 25.30 mm and
low PBIAS values from —7.64% to 13.65 for the four watersheds reflect a close agreement
between the measured and simulated runoff. The low value of the PBIAS indicates that the
model predicts monthly runoff, from the four watersheds, within the acceptable limit of
accuracy during the calibration period, as suggested by Moriasi et al. (2007) [36].
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Table 2. Statistical analysis between measured and simulated monthly runoff for watersheds and
reservoir inflow during calibration and validation periods.

Statistical Barisam Banikdih Mahrand Nagwan Konar Tenughat Panchet
Parameters Cali. Vali. Cali. Vali. Cali. Vali. Cali. Vali. Cali. Vali. Cali. Vali. Cali. Vali
R? 083 093 091 091 08 087 08 09 082 081 08 08 08 096
NSE 077 076 084 088 08 074 080 087 080 076 084 087 086 093
RMSE (mm) 2530 23.06 16.83 1550 20.76 1552 2036 760 9.73 7.84 5409 4316 93.90 50.95
PBIAS (%) 1087 —4.21 963 —-1.01 -7.64 —-976 1365 1233 942 821 4.03 574 —-179 16.77

It is observed from Table 2 that the R? values vary between 0.87 and 0.95 and the
NSE values vary between 0.74 and 0.88, indicating a close linear relationship between
the observed and simulated monthly runoff. The closer values of R?> and NSE indicate
that the model simulated the runoff pattern and magnitude quite accurately during the
validation period. The RMSE values between 7.60 and 23.06 mm and PBIAS values of
—9.76% to 12.33%, respectively, for the watersheds indicate a close agreement between the
measured and simulated monthly runoff. The value of PBIAS indicates that the model is
under predicting the runoff for Barisam, Banikdih and Mahrand and over predicting the
runoff for Nagwan. However, the under and over prediction of runoff from the watersheds
are within the acceptable limit of accuracy during the validation period, as suggested by
Moriasi et al. (2007) [36].

3.4. Reservoir Inflow: Calibration and Validation

The graphical comparison between the measured and simulated inflow to the Konar,
Tenughat and Panchet reservoirs for the calibration and validation periods are shown
in Figure 4. The calibration and validation of the reservoirs” inflow were performed for
both monsoon and non-monsoon season. From the graphical comparison, it is observed
that the simulated monthly inflows matched well with their measured counterparts of
the three reservoirs. However, the model under and over predicted the inflow in all three
reservoirs during the start of the calibration and validation periods; this may be due to
the reservoirs’ initial and temporal storage and soil moisture conditions in the reservoir
catchments. The variation may also be attributed to the use of five rainfall grids of IMD data
for simulating the hydrological processes in the large catchment area (10,878 km?), divided
into 411 watersheds, which may have not captured the spatial and temporal variability of
rainfall over the area well. Overall, the simulated inflow to the Konar, Tenughat and Panchet
reservoirs are well simulated by the model during the calibration and validation periods.

Table 2 presents the statistical comparison between the measured and simulated inflow
during the calibration and validation periods for the three reservoirs. The statistics indicate
a close agreement between the measured and simulated inflow to the three reservoirs
with quite high values of R? (0.82 to 0.86) and NSE (0.80 to 0.86) for the calibration period.
During calibration, the total inflow to the Konar and Tenughat reservoirs is over predicted
and is slightly under predicted in the case of the Panchet reservoir. The under prediction of
inflow into the Panchet reservoir may be due to the presence of the Konar and Tenughat
reservoirs and other water harvesting structures like check dams, farm ponds, etc., in
the upstream area. Although the outflow from the Konar and Tenughat reservoirs are
considered in this study, the unavailability of data pertaining to other water harvesting
structures may be the one reason for the under and over prediction in the total inflow
into the three reservoirs. The low RMSE values (from 9.73 m3/s to 93.90 m3/s) and low
PBIAS (from —1.79% to 9.42%) for the Konar, Tenughat and Panchet reservoirs reflect a
close agreement between the observed and model-simulated inflows. At the same time, the
results of the statistical tests performed for the validation periods (Table 2) also indicate an
appropriate simulation of pattern and magnitude of inflow into the three reservoirs, with
quite high values of R? (0.81 to 0.96) and NSE (0.76 to 0.93). The model under predicted
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the total inflow (8.21%) to the Konar reservoir and over predicted the total inflow for
the Tenughat (5.74%) and Panchet (16.77%) reservoirs, but overall, the PBAIS are within
reasonable limits, as described by Moriasi et al. (2007) [36]. The low value of RMSE also
indicates a good agreement between the measured and simulated inflow. Based on the
above results, it can be said that the SWAT model well simulates the hydrological processes
of the four watersheds and three reservoirs in the Damodar catchment and can be used for

further study.
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Figure 4. Measured and simulated monthly inflow during calibration and validation periods for

(a) Konar, (b) Tenughat and (c) Panchet reservoirs.

3.5. Climate Variability: Trend Analysis of Temporal Variability

The trend analysis was performed using the Mann—Kendall non-parametric test to dis-
cover the existence of a trend in the data series (rainfall and temperature during 1970-2005)
of five IMD grids (DVC1, DVC2, DVC3, DVC4 and DVC5) covering the Damodar catch-
ment. The results for the annual trend of the rainfall and the minimum and maximum
temperatures are given in Table 3. The results of the Mann—-Kendall test for the annual
rainfall for grids DVC1, DVC2 and DVC4 show a decreasing trend, while the results for the
DVC3 and DVCS5 grids show an increasing trend; however, these trends are not statistically
significant at a 10% level of confidence (p < 0.1). On the other hand, the mean annual
maximum temperatures for grids DVC1, DVC2 and DVC4 show an increasing trend, while
the DVC3 and DVCS5 grids show a decreasing trend over the Damodar catchment. The
mean maximum temperature follows the opposite trend as that of the rainfall over the
Damodar catchment, but this trend is not statistically significant (p < 0.1). The decreas-
ing trend in the maximum temperatures (DVC3 and DVC5) was found because of the
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increasing trend in the rainfall over the catchment (DVC3 and DVC5) and vice versa for
grids DVC1, DVC2 and DVC4. The analysis of the mean annual minimum temperature
over the region shows that the minimum temperature increased during 1970-2005. The
mean annual minimum temperatures for grids DVC2, DVC3 and DVC5 show an increasing
trend, but are only statistically significant (p < 0.05) for grids DVC3 and DVC5, while grids
DVC1 and DVC4 show a decreasing insignificant (p < 0.1) trend. Overall, from the annual
trend analysis, it was found that the Damodar region became dryer during 1970-2005
because of the decreased annual rainfall and the increased mean annual maximum and
minimum temperatures.

Table 3. Results of trend analysis for annual rainfall, mean annual maximum and minimum tempera-

tures using Mann-Kendall nonparametric test.

Annual Rainfall

Mean Annual Maximum Temperature Mean Annual Minimum Temperature

Grid
B zZ p B zZ p B zZ p
DVC1 —0.666 —0.095 0.009 1.008 —0.011 —1.635
DvC2 —2.140 —0.422 0.002 0.300 0.000 0.027
DVC3 3.184 0.640 —0.009 —0.953 0.015 2.724 **
DVC4  —5866  —1.430 0.000 0.014 ~0.010 ~1.376
DVC5 12.298 1.321 —0.007 -0.477 0.016 3.337 **
Note: ** indicates mean significance levels at p < 0.05; Z is statistics of Mann—Kendall test; (3 is the slope estimator.
The trend analysis for the mean monthly rainfall was also performed, and the results
are presented in Table 4. The mean monthly rainfall analyses for most of the months for
grids DVC1, DVC2 and DVC4 show a decreasing trend, and for grids DVC3 and DVCS5,
they show an increasing trend over the region but are not statistically significant, except
for January and June for grid DVC5 (p < 0.05). During the winter season (December,
January, February and March), the mean monthly rainfall for January and February show
a decreasing but statistically insignificant trend for all grids except for grid DVC5 in the
month of January, which is significant (p < 0.05). The rainfall during December shows an
increasing trend for grids DVC1, DVC2 and DVC3 and a decreasing trend for grids DV4
and DVC5. A decreasing trend, though statistically insignificant, in the mean monthly
rainfall for March was observed over the region.
Table 4. Results of trend analysis for mean monthly rainfall using Mann-Kendall nonparametric test.
DVC1 DvC2 DVC3 DVC4 DVC5
Month
Z B Z p B z p B z p B z p
Jan  —0.190 —0913 ~0.108 —0.599 —0.094 —0.627 —~0.056 —0.899 —0214 -2384 %
Feb —-0.375 —1.403 —0.122  —0.504 —-0.133 —0.395 —0.010 —0.286 —0.058 —1.389
Mar 0.024 0.313 —0.048 —0.232 0.000  —0.054 0.000  —0.354 0.000 —0.272
Apr —-0.265 —1.131 -0.217 —-0.804 —-0.002 -0.014 —0.035 —0.490 —-0.035 —0.899
May 0.033 0.068 -0271 —0.449 0.274 0.313 —0.185 —0.504 0.395 0.586
Jun 1.750 1.240 2.976 1.566 2.205 1.267 —-0.295 —0.150 4.488 2.193 **
Jul —-0.303 —0.204 —-1.925 1212 0.666 0.395 —2.190 —0.940 1.906 0.804
Aug 0.034 0.027 -1.613 —0.776 0.432 0.327 —-1.779 —0.885 3.406 1.321
Sep —0.400 —0.286 —-2.013 —-0.994 —0.058 —0.068 —0.993 —0.667 1.252 0.313
Oct 0.710 0.722 0.215 0.232 0917 0.804 —1.343 1471 1.098 0.558
Nov 0.000  —0.504 0.000 0.204 0.000 —0.817 0.000 0.000 0.000  —1.240
Dec 0.000 0.368 0.000 0.463 0.000 0.640 0.000  —0.368 0.000  —0.708

Note: ** indicates mean significance levels at p < 0.05; Z is statistics of Mann—Kendall test; (3 is the slope estimator.

During monsoon season (from June to September), grids DVC2 and DVC4 show a
decreasing trend, and grids DVC1, DVC3 and DVC5 show an increasing trend in the mean
monthly rainfall. But the trend is not statistically significant (p < 0.05) for any month except
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for June for grid DVC5. It is observed from the monthly analysis that there is a statistically
insignificant decrease in the rainfall in the month of September over the region. During
the post-monsoon months (ON), an increase in the mean monthly rainfall is observed in
the month of October for grids DVC1, DVC2, DVC3 and DVC5, and a decreasing trend is
observed for grid DVC4. In the month of November, an increase in rainfall is observed
for grid DVC2, and a decrease is observed for grids DVC1, DVC3 and DVCS5, but is not
found to be statistically significant either in November or December. During the summer
season (April and May), an insignificant decrease in the rainfall is analyzed for the month
of April for all the grids, whereas the May rainfall shows an insignificant increase in grids
DVC1, DVC3 and DVCS5, and an insignificant decrease in grids DVC2 and DVC4. Overall,
from the all-month analyses, it was found that there was a decrease in the rainfall during
the winter and summer seasons over the region during 1970-2005, with a slight variation
during the monsoon and post-monsoon seasons.

The results of the Mann-Kendall test for the mean monthly maximum temperature
are presented in Table 5. During monsoon season (June, July, August and September), all
the grids show an increase in the mean monthly maximum temperature, except for the
months of June (DVC1, DVC2 and DVC4) and July (DVC1, DVC4 and DVCS5). This may be
due to the decrease in rainfall during monsoon season. During the post-monsoon months
(October and November), a decrease in the temperature was found in the month of October
for all the grids, which was significant only for grid DVC3. On the other hand, November
shows an increasing (statically significant at grid DVC1) trend for all the grids except in the
case of grid DVC3. During the winter season (December, January, February and March),
grids DVC1, DVC2 and DVC4 show an increasing trend in the mean monthly maximum
temperature for the months of December, February and March, and a decrease in the month
of January, but it is not statically significant in any month. The DVC3 and DVCS5 grids show
a decreasing trend in the mean maximum temperature for all months of the winter season
and is statistically significant in the month of January (p < 0.1) for both grids. The summer
season also shows a decreasing temperature but is not statistically significant. Overall, it
was observed from the analysis that there was an increase in the mean monthly maximum
temperature over the region, especially in the monsoon and winter seasons.

Table 5. Summary of trend analysis for mean monthly maximum temperature using Mann—-Kendall
nonparametric test.

DVC1 DVC2 DVC3 DVC4 DVC5
Month
Z p B Z 4 B z p B 4 p B Z p

Jan  —0011 —0.776 —0.022  —1.226 —0.041 —2574 * —0.027 —1.526 —0.040 —2520

Feb 0.029  1.158 0.014  0.599 —0.005 —0.218 0123  0.586 —0.005 —0.150

Mar 0011 0463 0.001  0.095 —0.140  —0.504 0.006  0.327 —0.009 —0.422

Apr  —0.006 —0.286 —0.022  —0.940 —0.040 —1.471 —0.016 —0.640 —0.035 —1.253

May  —0.001 —0.027 —0.013  —0.354 —0.022  —0.695 —0.008 —0.422 —-0.012 —0.272

Jun  —0.002 —0.014 —0.002  —0.054 0.006  0.163 —0.004 —0.095 0.008  0.150

Jul 0.028 1716 * 0.024  1.580 0018  1.376 0027 1675 * 002 1812  *

Aug 0008 0940 0.012  1.335 0012  1.226 0012 1526 0.012 1376

Sep 0.010  1.090 0.007  0.667 0.001  0.041 0010  0.994 0.005 0477

Oct  —0010 —0.667 ~-0.016 —1.062 ~0.030 -1716 * —0.013 —0.926 —0.020 —1.131

Nov 0027 1839 * 0017 1321 —0.003 —0.027 0.009  0.763 0.006  0.531

Dec 0.018  1.294 0.007  0.640 —0.011  —0.831 0004 0272 —0.011 —0.872

Note: *, ** indicate mean significance levels at p < 0.1, p < 0.05; Z is statistics of Mann-Kendall test; 3 is the
slope estimator.

The results of the Mann—Kendall test for the mean monthly minimum temperature
over the Damodar catchment are presented in Table 6, which indicates that the climate of
the region was warmed during 1970-2005. The grids DVC3 and DVC5 show an increasing
trend for all months except for January (both the grids) and April for grid DVC3. It was
found that the increase in the temperature was statistically significant for the months of
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February, March, July, August, September and December (p < 0.05) in grids DVC3 and
DVC5. During the winter season (December, January, February and March), January shows
a decrease and February shows an increase in the mean monthly minimum temperature for
all the grids but is only statistically significant (p < 0.05) for February. While the monthly
minimum temperature in March shows an increasing trend for all the grids except for
DV(I, this increase is significant only for grids DVC3 and DVC5. The month of December
shows a decrease in grids DVC1 and DVC4, and the rest of the grids show an increase in
the mean monthly temperature.

Table 6. Summary of trend analysis for mean monthly minimum temperature using Mann—-Kendall
nonparametric test.

DVC1 DVC2 DVC3 DVC4 DVC5
Month
Z B Z p B z p B z p B z p
Jan —0.027 —1.090 —0.021 —1.035 —0.011 —0.436 —0.023 —1.566 —0.014 —0.667
Feb 0.006 0313 0.012  1.035 0029 2207 * 0011 0.708 0.034 2820 *
Mar  —0.006 —0.436 0.011 0981 0024 1.839 * 0.007  0.449 0031 2193  *
Apr  —0.020 -—1.171 —0.004 —0.259 —0.003 —0.191 —0172 —1.062 0.003  0.136
May  —0.019 -1.076 —0.006 —0.204 0.009  0.368 —0.016 —0.981 0018  1.144
Jun  —0.025 —1.539 —0.007 —0.667 0.007  0.749 —0.017 —1.389 0.009  1.226
Jul —0.005 —0.586 0.007  0.831 0.021 2452 * 0001  0.054 0.025 2765  **
Aug  —0.008 —0.994 0.009 1512 0.024 3242 * —0005 —0.681 0.026 3201  *
Sep  —0.008 —1.158 0.006  0.899 0015 2329 * —0.007 —0.722 0.020 2438  *
Oct  —0.013 —0.940 —0.002 —0.150 0.013 0953 —0.013 —0.885 0.016  1.103
Nov  —0.019 —0.872 —0.008 —0.259 0.014 0558 —0.016 —0.967 0012  0.627
Dec  —0.009 —0477 0.002  0.041 0.021  1.430 —0.001 —0.082 0.022  1.648 *

Note: *, ** indicate mean significance levels at p < 0.1, p < 0.05; Z is statistics of Mann—-Kendall test; 3 is the
slope estimator.

During the monsoon season (JJAS), it is observed from grids DVC2, DVC3 and DVC5
that there is an increase in the minimum temperature over the region, which is statistically
significant at a 5% level for grids DVC3 and DVC4 in the months of July, August and
September. While grids DVC1 and DVC4 show a decrease in the mean monthly minimum
temperature, it is not statistically significant. During the summer and post-monsoon season,
an increase in the mean minimum temperature is observed for grids DVC3 and DVCS5, and
a decrease is observed for grids DVC1, DVC2 and DVC4, but again, they are statistically
insignificant. Overall, it was found that during 1970-2005, there was an increase in the
mean monthly minimum temperature in the region.

3.6. Historical Changes in Water Availability: Reservoir Inflow

The historical changes in the water availability, in terms of the Panchet reservoir
inflow, were analyzed by using historical LULC (1972, 1990 and 2001) and decadal climate
(1971-1980, 1981-1990 and 1991-2000) information. The analysis shows the impact of the
LULC change and climate variability on hydrology in a historical time frame. The analyzed
LULCs of 1972, 1990 and 2001 were used to represent the LULC patterns of the 1980s, 1990s
and 2000s, respectively, forming a total of nine scenarios, as shown in Table 7. The model
was run for each scenario to simulate the reservoir inflow for the Panchet reservoir, and the
results are summarized in Table 7. The simulated results were used to compare the effects
of LULC as well as climate variability on the Damodar catchment. The measured average
annual reservoir inflows for the periods of 1971-1980, 1981-1990 and 1991-2001 were
used to compare the observed and simulated reservoir inflows. In Table 7, the difference
between T1, T2 and T3 (T4, T5, T6 and T7, T8, T9) indicates the influence of LULC change
on the reservoir inflow among the three periods, and T1, T5 and T9 represent the historical
change in the reservoir inflow because of the combined effect of LULC change and climate
variability. The differences between T1, T4 and T7 indicate the influence of climate variation
on the Panchet reservoir. As seen in Table 7, in comparison with T1, the simulated reservoir
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inflow in T9 increases by 40.44 m® /s, which represents the combined effect of LULC and
climate variability. The land use change during the 2000s (T3) shows an increasing impact
on the reservoir inflow by 3.82 m3/s, which accounts for a 2.47% increased inflow compared
to LULC during the 1980s. The contrast between T1, T4 and T7 indicate the influence of
climate variation. The climate variation during the 1990s increased the reservoir inflow by
6.99 m>/s, which accounts for a 4.52% increase from the 1980s. These results thus show
that LULC change and climate variability during the 1980s, 1990s, and 2000s increased the
reservoir inflow, but the contribution of climate variability was greater than LULC change,
as seen in the results.

Table 7. Simulated average annual reservoir inflow to Panchet reservoir under different LULC and
climate scenarios.

Measured Inflow Simulated Inflow  Change in Inflow

Scenarios Land Use Climate (m3/s) (m3/s) (m3/s) Change (%)

T1 1972 1971-1980 153.22 154.56 - -

T2 1990 1971-1980 - 157.60 3.04 1.97
T3 2001 1971-1980 - 158.38 3.82 247
T4 1972 1981-1990 - 161.55 6.99 4.52
T5 1990 1981-1990 158.54 162.57 8.01 5.18
T6 2001 1981-1990 - 163.07 8.51 5.51
T7 1972 1991-2000 - 193.55 38.99 25.23
T8 1990 1991-2000 - 194.27 39.71 25.69
T9 2001 1991-2000 191.69 195.00 40.44 26.16

4. Conclusions

The Soil and Water Assessment Tool model was used to simulate the runoff and
reservoir inflows in the Damodar catchment for four independent watersheds and three
reservoirs. The simulation results of the model indicate that the monthly runoff from the
watersheds and the inflow to the reservoirs are in reasonable agreement with the observed
counterparts with a PBIAS of less than £16.77%. The low RMSE values of the runoff
(from 7.60 to 23.06 mm) and reservoir inflows (from b/w 7.84 to 93.90 m3/s) indicate
that the model well simulates the observed values during the calibration and validation
periods. On the other hand, higher values of R? (varying between 0.81 and 0.95) and NS
(varying from 0.74 to 0.93) indicate that the model well simulates the pattern and peaks of
the watershed runoff and reservoirs” inflow corresponding to the observed counterparts.
LULC prepared from Landsat images revealed that the land cover pattern of the study
area changed from 1972 to 2001. The agricultural land (26.71%), water body (88.42%) and
settlement (140%) area increased, whereas the forest (15.28%) and wasteland (32.63%) area
decreased during the same period. The implication of LULC and climate variability on
historical changes in water availability, in terms of reservoir inflow, was analyzed by using
historical LULC (1972, 1990 and 2001) and decadal (1971-1980, 1981-1990 and 1991-2000)
climate information, finally developing nine simulation scenarios of the SWAT model. It
was found from the analysis that the reservoir inflow to the Panchet reservoir increased
by 26.16% under the influence of climate variability and LULC change, respectively, from
1971 to 2000. The results also indicate that though LULC change and climate variability
increased the reservoir inflow from 1971 to 2000, the contribution of climate variability was
greater than LULC change in the catchment.
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