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Abstract
We use Soil and Water Assessment Tool (SWAT) to simulate the combined effects of land 
use/land cover (LU/LC) and climate change on the hydrological response of the Upper 
Betwa River Catchment (UBRC), a semi-arid region in Central India. We execute this 
model for two different time periods, 1982–2000 and 2001–2018, using the LU/LC data of 
1990 and 2018, respectively. We classified the Landsat satellite images of 1990 and 2018 
to obtain the dominant LU/LC classes (water body, built-up, forest, agriculture, and open 
land) in the catchment. The water body, built-up areas, and cropland have increased by 
63%, 65%, and 3%, respectively, whereas forest cover and open land decreased by 16% 
and 23% in the UBRC from 1990 to 2018. The observed climate data in UBRC shows 
an increase in the average temperature and decrease in the total rainfall during the period 
between 1980 to 2018. Once the model is set up, we perform the calibration and validation 
by using the SWAT Calibration Uncertainty Program (SWAT-CUP). We considered two 
time periods (1991–1994 and 2001–2007) for the calibration and (1995–1998 and 2008–
2014) for the validation. For both these time periods, the calibration and validation result 
of our model is satisfactory. The output of our calibrated model shows a relative decrease 
in rainfall (12%), surface runoff (21%), and percolation (9%) in the catchment during the 
period between 2001–2018 as compared to 1982–2000. Finally, we simulate the surface 
runoff and percolation in the UBRC using the future climate change scenario. We used the 
bias-corrected multi-model ensemble of CMIP6 GCMs for four different climate scenarios 
(2023–2100) by assuming no change in the existing LU/LC. We do this for two different 
time slices: one from 2023–2060 and the other from 2061–2100. For all the climate sce-
narios, rainfall and surface runoff in the catchment are expected to decrease by 15–40% 
and 50–79% as compared to the baseline period of 1982–2018. Percolation in the catch-
ment will have a mixed response. It is expected to decrease by 18% in the middle part of 
the catchment and increase about 25% in the remaining parts of the catchment.
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1 Introduction

Arid and semi-arid regions are highly sensitive to human alterations of the earth system and 
climate change (Huang et al. 2016). Approximately 15% of the world population resides in 
these regions and primarily depends on rainfall to meet their water demand for agriculture, 
industrial, and domestic purposes (Liu and Xia 2004; Schwinning et  al. 2004). Accord-
ing to Huang et al. (2016), worldwide the total area of semi-arid region has increased by 
7% during 1990–2004. It is expected that the  climate change together with the LU/LC 
change beyond a critical level can lead to food and water scarcity in the dryland regions 
(Abbas et  al. 2021b; Abbas and Dastgeer 2021). World is currently facing an alarming 
rate of increase in the CO2 concentration. This has resulted in the mean temperature to 
increase by 1 ◦ C from the beginning of the industrial revolution (Li et al. 2020). The global 
warming is projected to increase further. In this changing climate, the frequency of drought 
events is likely to increase (Abbas and Dastgeer 2021; Aadhar and Mishra 2020). It will 
put immense stress on the vegetation cover, water resources, and agricultural productivity, 
particularly in the dry land regions (Abbas et al. 2020, 2021a; Yaseen et al. 2020).

About 45% of India’s landmass is characterized by an arid and semi-arid climate that 
supports nearly 35% of its population and livestock. The sustenance of water resources in 
these regions depends on the Indian summer monsoon rainfall which contributes nearly 
80% of freshwater resources. In the recent decades, Central India has witnessed a notice-
able changes in the climate and LU/LC. Such changes have been attributed as the leading 
factors for the weakening of summer monsoon rainfall (Paul et al. 2016). The mean annual 
temperature (1960–2017) in Central India has increased by 0.05◦ C per decade and the pre-
cipitation (1950–2015) has decreased by about 10–20% (Roxy et al. 2017; Shah and Sriv-
astava 2019). As a consequence, the frequency of drought has increased by 50% in the past 
two decades (Saharwardi et al. 2021). The groundwater table has declined in the regions 
where monsoon rainfall has decreased (Asoka et  al. 2017). The extreme rainfall events 
have increased by 10–30% and are projected to increase further (Rao et al. 2014; Sharmila 
et al. 2015; Roxy et al. 2017). These factors together have severely impacted the regional 
water availability. It is thus important to study the combined impact of climate and LU/
LC changes on the hydrological processes for better management of water resources in 
the semi-arid river catchments (Babar and Ramesh 2015; Wang et al. 2006; Chawla and 
Mujumdar 2015; Chanapathi and Thatikonda 2020; Kundu et  al. 2017a; Wagner et  al. 
2016; Hengade and Eldho 2016).

Several studies have been conducted to evaluate the combined impact of climate and 
LU/LC on the hydrological processes of different river basins in India (Chawla and Mujum-
dar 2015; Kundu et al. 2017a; Chanapathi and Thatikonda 2020; Wagner et al. 2016). For 
example, Tsarouchi and Buytaert (2018) studied the effect of LU/LC and climate change 
on the Ganga basin. They observed that the combined effect of LU/LC and climate change 
has a high impact on the hydrological cycle of the upper Ganga River basin as compared 
to the scenario considering the climate change alone. Sinha et al. (2020) observed that the 
climate has a larger (70–90%) impact than LU/LC on surface runoff and sediment yield in 
the Valapattanam River basin in South India. Narsimlu et al. (2013) investigated the impact 
of future climate change in the upper Sind River basin, India, using the Providing REgional 
Climates for Impacts Studies (PRECIS) climate and SWAT model. They reported stream-
flow is likely to increase by 16% and 93% by the middle and end of the twenty-first century, 
respectively. Swain et al. (2020) observed that climate change has influenced the stream-
flow variability more than the LU/LC changes in the Brahmani-Baitarani River basin, 
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India. Chanapathi and Thatikonda (2020) projected the synergic effect of climate and LU/
LC change by using the SWAT model. They observed by the end of the twenty-first cen-
tury, the surface runoff, streamflow, and water yield will increase by 50% under the RCP 
4.5 scenario in the Krishna River basin, India. Kundu et al. (2017b) reported that the runoff 
in the Narmada River in Central India has increased in response to LU/LC change in the 
catchment. Hengade and Eldho (2016) noticed that the decrease in rainfall by 1.7% has 
resulted in a reduction in surface runoff (7.8%) in the Godavari River basin, India. Desai 
et al. (2020) evaluated the projected impact of climate change under CMIP5 scenario in 
the Betwa River basin. They observed that the surface runoff is expected to increase by 
4–29% and 12–48% during 2040–2069 and 2070–2099, respectively. To our knowledge, 
such studies have not been conducted to assess the synergic effect of climate and LU/LC 
in the upper Betwa River catchment. According to a study by Gosain et al. (2006), many 
river basins of India will face freshwater scarcity. The Betwa River is considered a lifeline 
of Madhya Pradesh. The Betwa River basin has experienced several changes in the past few 
decades, such as weakening of summer monsoon rainfall, enhanced frequency of extreme 
rainfall events, and LU/LC changes simultaneously (Paul et al. 2016; Roxy et al. 2017; Pal-
mate 2017). It is therefore important to assess the combined effect of climate and LU/LC in 
the catchment under the past, present, and projected climate change scenarios.

Hydrological and climate models play an important role to quantify the impact of these 
factors on different hydrological components. The selection of hydrological models is user 
dependent and relies on data availability, site-specific problems, cost involvement, and the 
accuracy of the models (Mendoza et  al. 2015). In addition, different regional or global 
climate models such as the Coordinated Regional Downscaling Experiment (CORDEX), 
PRECIS, Regional Climate Model system (RegCM), and Coupled Model Intercompari-
son Project (CMIP) 1–6 are used to estimate the  future  hydrological budget. This study 
evaluates the combined impact of climate and LU/LC change on the surface runoff and 
percolation in the UBRC. We used SWAT, a semi-distributed hydrological model with his-
torical (1980–2018) and projected (2023–2100) climate data, to simulate the hydrological 
processes of the UBRC. We assess the surface runoff and percolation under four different 
climate scenarios using bias-corrected multi-model ensembles of Coupled Model Inter-
comparison Project (CMIP6) datasets. The outcome of this study can be useful in policy-
making and strategic planning, especially in agriculture and water resource management in 
semi-arid catchments.

2  Study area

The UBRC is a part of the Betwa River, a tributary of the Yamuna River. It lies between 
latitudes 22◦52′5′′N to 24◦54′5′′N and longitudes 77◦5′45′′E to 78◦09′31′′E in the Cen-
tral India. Total area of the catchment is about 9322 km2, and the total length of Betwa 
River within UBRC is about 127 km. The Betwa River originates from Barkhera Village in 
the Vindhyan Ranges of Raisen District, Madhya Pradesh, and flows towards the northeast 
direction. The major tributaries in the UBRC are Baen, Sagar, and Halali rivers (Fig. 1). 
The Betwa River flows through different lithology, i.e., basalt, sandstone, shale, alluvial 
soil, and sand (Fig. 1). The average elevation in UBRC ranges between 370 and 669 m. The 
major soil types in the catchment are loamy, sandy, and clay. The annual average discharge 
of the UBRC at Kurwai gauging site is 200 m3∕s . It receives maximum flow (90%) during 
the southwest summer monsoon (Fig. 2). The entire UBR catchment falls in the semi-arid 
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climatic region. The annual average precipitation in the catchment is about 1153 mm, hav-
ing the maximum and minimum temperature of 40◦ C and 2 ◦ C, respectively. About 90% 
of the total precipitation occurs during the monsoon period from June to September. The 
groundwater level (GWL) during pre- and post-monsoon varies between 2.6 and 16.4 and 
between 1.2 and 9.4 below groundwater level in meter (bglm), respectively (Naik et  al. 
2021). The dominant LU/LC in UBRC is water body (0.7%), agricultural land (80%), built-
up (2%), open land (1%), and forest cover (15%). 

3  Data and methodology

We used observed and simulated climate model products, river discharge (gauge sta-
tion), satellite images, and other physical data (topography and soil types). Table  1 
reports the detailed description of the data. Our climate data archive consists of rainfall, 

Fig. 1  Location of the Upper Betwa River catchment in Central India (©Google Earth). Lines in blue are 
the major stream network in the catchment, circle in blue at the outlet is the gauge station. Regions shown 
in different colors represent the geology of the catchment
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temperature, relative humidity, wind speed, and solar radiation. We obtained the daily 
rainfall and temperature (minimum and maximum) for a period between 1980–2018 at a 
grid resolution of  0.25◦ × 0.25◦ and 1◦ × 1◦ , respectively, from the Indian Meteorologi-
cal Department (IMD) (https:// www. imdpu ne. gov. in). For the same time period, we have 
downloaded the relative humidity, wind speed, and solar radiation reanalysis product 
from ERA5 of the European Centre for Medium-Range Weather Forecasting (ECMWF) 
(https:// cds. clima te. coper nicus. eu) at a grid resolution 0.25◦ × 0.25◦ . We obtained the 
simulated rainfall and temperature from CMIP6 Global Climate Models (GCMs) such 
as MIROC 6, NorESM2-MM, and IPSL-CM6A-LR for a period from 1980 to 2100. 
We acquired daily discharge of the Betwa River at Kurwai gauge station for a period 

Fig. 2  Monthly average  discharge and rainfall plotted  for a  period between 1991–2008. Line in the 
graph represents the streamflow, and bars illustrate the rainfall

Table 1  Details of the climate, physical, and gauge data used in this study

*Resampled at (0.25◦ ) resolution

Data type Parameter Source Time Resolution

Climate data—historical Rainfall IMD 1980-2018 0.25◦

Temperature IMD 1980–2018 1 (0.25◦)*
Wind speed ERA 5 1980–2018 0.25◦

Solar radiation ERA 5 1980–2018 0.25◦

Relative humidity ERA 5 1980–2018 0.25◦

Climate data—future Rainfall MIROC6
IPSL-CM6A-LR
NorESM

1980–2100

Temperature MIROC6
IPSL-CM6A-LR
NorESM2-MM

1980–2100

Physical data Soil data FAO 1 km
Land use Landsat5,8 1990, 2018 30 m
Topography SRTM 90 m

Gauge data River discharge MPWRD 1991–2014 Daily

https://www.imdpune.gov.in
https://cds.climate.copernicus.eu
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between 1991–2014 from Madhya Pradesh Water Resource Department (MPWRD). We 
downloaded the soil map of the Upper Betwa River catchment at 1 km spatial resolution 
from the official Website of waterbase (http:// www. water base. org/). We obtained Land-
sat 5 and Landsat 8 satellite images for February 16, 1990, and March 17, 2018, respec-
tively, from the official Website of USGS (https:// earth explo rer. usgs. gov/). To keep the 
same seasonality, we ensured the closest date when acquiring the images of different 
years. We have also downloaded the digital elevation model (DEM) at 90 m spatial reso-
lution from Shuttle Radar Topographic Mission (SRTM) (http:// www. cgiar- csi. org/ data/ 
srtm- 90m- digit al- eleva tion- datab ase- v4-1).

3.1  Data processing

3.1.1  Climate data

Except for the temperature and the GCMs, spatial resolution of all the climate data is 0.25◦ . To 
have a similar resolution, we resampled them to a common grid size 0.25◦ by using bilinear 
interpolation (Vu et al. 2012; Aadhar and Mishra 2020). We then performed trend analysis of the 
observed climate data. We identify the magnitude of the trend using Sen’s slope method (Devi 
et  al. 2020) and conducted Mann–Kendall trend test (Mann 1945). It is a nonparametric test 
that is used to determine the monotonically increasing and decreasing trends or abrupt changes 
depicted by its three alternate hypotheses: positive, negative, and no trend. It has a broader appli-
cation in meteorology and hydrology (Ahn and Merwade 2014; Kumar et al. 2021).

To assess the impact of climate change on the  hydrological processes, we need pro-
jected climate variables. We have used the rainfall and temperature projection from CMIP6 
for a period from 2023 to 2100. CMIP6 consists of several earth system models (Eyring 
et al. 2016). This is an updated version of CMIP in terms of the fine spatial resolutions, 
improved cloud microphysical mechanisms, and addition of earth system components such 
as biogeochemical cycles and ice sheets. Also, the future CMIP6 scenario is more advanced 
than the previous versions. It uses the socioeconomic pathways along with CMIP5 scenar-
ios that allow more realistic future projections (Eyring et al. 2019). We selected MIROC6, 
IPSL-CM6A-LR, and NorESM2-MM, as they are best suited for the South-Asian regions 
(Aadhar and Mishra 2020). Due to their coarser resolution, GCMs are not able to capture 
the regional phenomenon realistically (Chawla and Mujumdar 2015).

Further, these models are vulnerable due to systematic errors associated with the 
forcing climate models and scenarios. The bias correction largely minimizes these 
errors. There are various methods for bias correction of the rainfall and temperature 
data, such as distribution mapping, linear scaling, variance scaling, and delta change 
approach. The distribution mapping-based bias correction is capable of removing the 
bias present in the projected data effectively. We applied the cumulative distribution 
function (CDF) matching for bias correction from the projected data (rainfall and tem-
perature) by taking the observed values as a reference before feeding them  into the 
hydrological model (Reichle and Koster 2004; Singh et  al. 2020; Zhang et  al. 2018; 
Teutschbein and Seibert 2012; Luo et al. 2018). It transfers the CDFs of projected data 
based on past observations. The Taylor diagrams (Fig.  3) illustrate the post-bias cor-
rection statistics of GCMs and observed variables for the period of 1980–2014. It is 
a two-dimensional graphical representation to visualize the similarity of GCMs with 
respect to the observed data sets, which is quantified based on the correlation coeffi-
cient, root-mean-square error, and standard deviation (Taylor 2001). We observed that 

http://www.waterbase.org/
https://earthexplorer.usgs.gov/
http://www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1
http://www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1
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the maximum temperature ( Tmax ) and minimum temperature ( Tmin ) for all three models 
are clustered together and closer to the observed temperature (Fig. 3). As far as rainfall 
is concerned, all the models slightly deviate from observation. We used the ensemble of 
all models for the future projection of hydrological processes.

Further, pathways explaining how the anthropogenic drivers such as GHGs and aero-
sols will be consistent with the future socioeconomic developments are known as the 
climate change scenario. It plays an important role in understanding and assessing cli-
mate change and its impact on improving adaptation and mitigation strategies. We have 
used different shared socioeconomic pathways (SSPs), SSP126, SSP245, SSP370, and 
SSP585, which is an updated version of previous representative concentration pathways 
(RCPs) in CMIP5 (O’Neill et al. 2016; Wang et al. 2018; Gupta et al. 2020). The prefix 
of SSPs is represented as a-b, where a indicates the specific SSP and b represents the 
radiative forcing level such as 1.6, 4.5, 7.0, and 8.5 w∕m2 . Table 2 represents the differ-
ent features of SSP scenarios.

(a) (b) (c)

Fig. 3  Taylor diagram a rainfall (mm), b T
max

 ( oC ) and c T
min

 ( oC ) of CMIP6 GCMs (A:MIROC6 
B:NorESM2-MM C:IPSL-CM6A-LR) with reference to IMD(Obs) for the period of 1980–2014

Fig. 4  Flowchart adopted in this study



 A. Kumar et al.

1 3

Ta
bl

e 
2 

 D
es

cr
ip

tio
ns

 o
f d

iff
er

en
t S

SP
s (

ad
op

te
d 

fro
m

 O
’N

ei
ll 

et
 a

l. 
20

14
)

SS
Ps

C
ha

lle
ng

es
Sa

lie
nt

 fe
at

ur
es

SS
P1

M
iti

ga
tio

n 
an

d 
ad

ap
tio

n 
is

 lo
w

R
ap

id
 su

st
ai

na
bl

e 
de

ve
lo

pm
en

t w
ith

 te
ch

no
lo

gi
ca

l a
dv

an
ce

m
en

t i
n 

an
 e

co
-f

rie
nd

ly
 w

ay
 u

si
ng

 le
ss

 c
ar

bo
n 

en
er

gy
 a

nd
 h

ig
hl

y 
pr

od
uc

tiv
e 

la
nd

.
SS

P2
M

od
er

at
e 

m
iti

ga
tio

n 
an

d 
ad

ap
tio

n
Tr

an
si

tio
n 

ph
as

e 
of

 S
SP

1 
an

d 
SS

P3
.

SS
P3

H
ig

h 
m

iti
ga

tio
n 

an
d 

ad
ap

tio
n

M
od

er
at

e 
ec

on
om

ic
 g

ro
w

th
 a

nd
 ra

pi
d 

po
pu

la
tio

n 
gr

ow
th

, d
el

ay
ed

 te
ch

no
lo

gi
ca

l a
dv

an
ce

m
en

ts
, l

ow
 a

da
pt

iv
e 

ca
pa

ci
ty

.
SS

P5
H

ig
h 

m
iti

ga
tio

n 
an

d 
lo

w
 a

da
pt

at
io

n
Re

la
tiv

el
y 

fa
ste

r e
co

no
m

ic
 d

ev
el

op
m

en
t, 

en
ha

nc
ed

 e
ne

rg
y 

re
qu

ire
m

en
t, 

le
ss

 in
ve

stm
en

t i
n 

no
n-

co
nv

en
tio

na
l 

en
er

gy
 so

ur
ce

s a
nd

 lo
w

 p
op

ul
at

io
n 

gr
ow

th
, l

es
s w

ith
 m

or
e 

eq
ui

ta
bl

e 
re

so
ur

ce
 d

ist
rib

ut
io

ns
, v

ul
ne

ra
bl

e 
to

 
cl

im
at

e 
ch

an
ge

 a
nd

 a
 b

et
te

r w
or

ld
 fo

r a
da

pt
at

io
n.



Assessing the synergic effect of land use and climate change…

1 3

3.1.2  Land use and land cover classification

We used green, red, and near-infrared (NIR) bands of Landsat 5 and 8 images for LU/
LC classification. We applied the maximum likelihood algorithm to classify the image 
pixels into five different LU/LC classes (i.e., water body, forest, cropland, open land, 
and built-up). We then assessed the accuracy of the classified images by using the over-
all accuracy and Kappa statistics. In doing so, we generated 400 random points for all 
the LU/LC classes on the referenced (Google Earth) map. The overall and Kappa sta-
tistics for land use of 1990 are 0.91% and 0.86, and for the year 2018 are 0.92% and 
0.89. The accuracy of image classification result is satisfactory.

3.2  SWAT Model setup

We set up SWAT model to simulate hydrological responses of the UBRC. This is a 
semi-distributed model that partitions the catchment into different sub-watersheds and 
further into several hydrological response units (HRUs) on the basis of similar soil 
types, LU/LC, and slope. SWAT model uses Soil Conservation Services (SCS) curve 
number method to compute the surface runoff (Anand et al. 2018). Finally, this model 
solves the water budget equation (Eq.  1) to compute the different components of the 
hydrological cycle according to;

where, SWt is the soil water content after time step t on the day i (mm), SW0 is the initial 
soil and water content on the day i (mm), Rday is the amount of precipitation on the day i 
(mm), Qsurf  is the amount of surface runoff on the day i (mm), Ea is the amount of evapo-
transpiration on day i (mm), Wseep is the amount of water entering the vadose zone from the 
soil profile on day i (mm), and Qgw is the amount of return flow as drainage to the surface 
water on the day i (mm).

SWAT requires various input parameters such as rainfall, temperature (minimum, 
maximum), relative humidity, wind speed, solar radiation, elevation, soil, and LU/
LC. We set up the model for two different time periods from 1980–2000 and from 
1998–2018. Figure 4 shows the detailed procedure of model setup. We used LU/LC map 
for years 1990 and 2018 as a baseline for the simulation of 1980–2000 and 1998–2018, 
respectively. We used the initial two years 1980–1982 and 1998–2000 for both the simu-
lations as a warm-up period. We then execute the model to simulate surface runoff and 
percolation into the ground in response to a given rainfall event. The model provides 
various other outputs such as evapotranspiration, water yield, and river discharge. We 
use in-situ discharge measured at the gauge station to calibrate and validate the model 
using SWAT-CUP module. The first step of calibration is sensitivity analysis. It is done 
using a global method (Arnold et al. 2012) in which all the input model parameters are 
allowed to change. Hereafter, the calibration is performed using model-sensitive param-
eters by comparing the observed and simulated flow. Further, the validation is carried 
out by changing the different time periods of observed and simulated flow, and subse-
quently a calibrated model is used for simulation of different hydrological processes of 
UBRC.

(1)SWt = SW0 +

t
∑

i=1

(Rday − Qsurf − Ea −Wseep − Qgw)
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Finally, we evaluate the performance of model using different statistical matrices 
such as coefficient of determination R 2 , Nash–Sutcliffe efficiency (NSE), percent bias 
(PBIAS), and ratio of root-mean-square error to measured standard deviation (RSR) 
(Moriasi et al. 2007).

4  Results

4.1  Observed climate in the catchment

Figure 5a shows the annual rainfall trend from 1980 to 2018 in the study area. The total 
precipitation has decreased by 1.8 mm, though it is not statistically significant (Fig. 5a). 
UBRC receives about 90% of the total rainfall during the Indian summer monsoon (JJAS). 

Fig. 5  Observed annual average trend of a rainfall and b temperature during 1980–2018. (Trend based on p 
value <0.05 at 95% confidence level in Mann–Kendall test)

Fig. 6  Standardized precipitation Index (SPI) for the monsoon season during 1980–2018. Shaded region 
(SPI –0.99 to 0.99) shows the normal precipitation condition. SPI in range (–1 ≤ –2 ) and (1 ≤ 2) suggests 
drought and wet condition
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The monsoon rainfall from 1980 to 2018 exhibits a declining trend. We calculated the SPI 
to characterize the monsoon rainfall (Fig. 6). According to SPI values, they can be catego-
rized as wet (1–2), normal (–0.99 to 0.99), and drought (–1 to –2) events (Hayes et al. 1999; 
Abbas and Kousar 2021). We observed that during 1980–2000 one drought (1981) and five 
wet (1983, 1993, 1994, 1996, and 1999) events have occurred, whereas, during 2000-2018, 
four droughts (2002, 2003, 2007, and 2010) and three wet (2011, 2013, and 2016) events 
have occurred. This indicates that the frequency of drought events has increased in the 
UBRC after 2000. We have also performed the trend analysis for annual mean temperature, 
relative humidity, solar radiation, and wind speed. We observed a significant increase in 
the annual mean temperature (0.01◦C), relative humidity (0.13%), and a decrease in the 
wind speed (0.39 m∕s ) and solar radiation (0.30 watt∕m2 ) during 1980–2018 (Fig. 5b). 

4.2  Land use and land cover change

Figure 7 shows the LU and LC maps of the UBRC. The dominant land cover in UBRC 
is cropland followed by forest, built-up, open land, and water body. We observed that the 
water body, built-up, and cropland in 2018 have increased by 63, 65, and 3%, respectively, 
as compared to 1990 (Fig.  7). During the same period, forest and open land areas have 
decreased by 16 and 23%. An increase in the water bodies is primarily because of the con-
struction of two small reservoirs in the catchment after 2011. The increasing population 
has probably resulted in the increase in built-up, cropland, and decline in the forest and 

(a) (b)

Fig. 7  Land use/land cover change maps of the Upper Betwa River catchment a 1990 b 2018. Pie charts 
show the area of respective LU/LC classes in percentage
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open land. According to Palmate (2017), by 2100 the water bodies and agricultural land are 
expected to decrease by about 0.71% and 6.41%, respectively, whereas forest and barren 
land are expected to increase by 4%. 

4.3  Model calibration, validation, and sensitivity analysis

Calibration, validation, and sensitivity analysis of the SWAT model are done for both 
the  simulations in SWAT-CUP using Sequential Uncertainty Fitting version 2 (SUFI-
2) (Dubey et  al. 2020). We first performed the model calibration for 1991–1994 and 
2001–2007. We then performed validation of model simulations for the periods 1995–1998 
and 2008–2014. Table 3 reports the performance metrics of the calibration and validation. 
The model performance for calibration and validation is satisfactory. Figure 8 shows the 
monthly time series of observed and simulated flow during calibration and validation. It 
indicates that our model can simulate both the low and high flow conditions with a small 
deviation. This is due to the fact that the SWAT model uses daily average rainfall instead of 
the intensity and duration of a storm event (Sinha et al. 2020).

Finally, we perform the sensitivity of the model. It suggests how sensitive is the model 
output in response to a given change in the magnitude of the input variables (Arnold 
et  al. 2012). While calibrating the model for both simulation periods 1980–2000 and 

Fig. 8  Monthly time series plot of observed and simulated flow of UBRC during the calibration a 1991–
1994 b 2001–2007, and validation a 1995–1998 b 2008–20014 periods of the SWAT Model

Table 3  Statistical performance 
evaluation of the model 
calibration and validation report

R
2 NSE PBIAS RSR Performance

Calibration (1991–1994) 0.7 0.69 21.9 0.56 Satisfactory
Validation (1995–1998) 0.67 0.66 13.6 0.59 Satisfactory
Calibration (2001–2007) 0.63 0.63 5.3 0.61 Satisfactory
Validation (2008–2014) 0.74 0.73 20.1 0.52 Satisfactory
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1998–2018, we considered 19 different sensitive parameters (Table 4). We keep the upper 
and lower bound of the parameters constant for both the simulations. During the simulation 
period 1980–2000, we observed that the most sensitive parameters to the streamflow are 
alpha base flow (ALPHA_BF), hydraulic conductivity of the channel (CH_K2), and soil 
bulk density (SOL_BD), whereas for the simulation period 1998–2018, the most sensitive 
parameters are the Manning coefficient of the channel (CH_N2), hydraulic conductivity of 
the channel (CH_K2), and alpha base flow (ALPHA_BF).  

4.4  Hydrological response to LU/LC and climate change

To assess the hydrological response to LU/LC and climate change in the UBRC, we 
divided the whole basin into 25 sub-basins (Fig.  9). We then use the calibrated SWAT 
model to simulate the observed surface runoff and percolation. In doing so, We consider 
the observed data for two different time periods 1982–2000 and 2001–2018 to evaluate 
the impact of LU/LC and climate change. For a period during 1982–2000, the annual aver-
age rainfall varies in a range from 1017 to 1418 mm. This has reduced significantly to 
915–1192 mm (about 12%) during 2001–2018 (Fig. 9a, b).

Rainfall and the physical characteristics of the catchment (e.g., soil, slope, LU/LC, and 
shape of the basin) play an important role in regulating the surface and subsurface hydro-
logical processes such as runoff, percolation, and streamflow. We observed the  annual 

Table 4  Sensitivity of different parameters of SWAT model during the simulation of 1982–2000 and 1998–
2018

Parameters Description Min Max Rank 
(1982–
2000)

Rank 
(2001–
2018)

CH N2 Channel roughness coefficient 0 0.3 8 1
CH K2 Hydraulic conductivity of channel 0 200 2 2
ALPHA BF Base flow alpha factor 0 1 1 3
OV N Over land flow 0 30 4 4
EPCO Plant evaporation compensation factor 0 1 13 5
SHALLST Initial shallow aquifer depth 0 5000 15 6
RCHRG DP Deep aquifer percolation fraction 0 1 19 7
MSK CO1 Coefficient to control the impact of storage time con-

stant
0 10 11 8

SOL_K Hydraulic conductivity of soil 0 500 10 9
FFCB Field capacity water content 0 1 18 10
SOL_BD Moist soil bulk density 0.9 2.5 3 11
GW DELAY Groundwater delay 0 500 16 12
CN2 SCS runoff curve number for moisture condition II 35 90 9 13
GWQMN Depth of shallow aquifer required for return flow 0 500 12 14
GW REVAP Groundwater revap coefficient 0.02 0.2 6 15
SOL_AWC Available water content 0 1 7 16
HRU SLP Slope of hydrologic response unit 0 1 5 17
SURLAG Surface runoff lag coefficient 0 25 14 18
ESCO Soil evaporation compensation factor 0 1 17 19
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average surface runoff has decreased by 21% in the entire basin during 2001–2018. Its 
annual average values vary between 542–893 mm during 1982–2000 and 459–687 mm 
during 2001–2018 (Fig. 9c, d).

Further, a similar response can be observed in percolation (Fig. 9e, f). It varies between 
334–461 mm during 1982–2000 and from 320–400 mm during 2001–2018. It has 
decreased by 9% during 2001–2018. Apart from LU/LC and climate change, rapid irriga-
tion and population growth might be responsible for reducing percolation.

Figure 9 shows the spatial variation in rainfall, surface runoff, and percolation. A large 
spatial variation in the rainfall over UBRC can be observed during the historical time 
period 1982–2000. We observed that sub-catchments 8, 13, 14, and 16–19 received the 
maximum rainfall (1259–1418 mm), whereas sub-catchments 2 and 5 received less than 
1097 mm. In addition, during 2001–2018, UBRC received maximum rainfall (1098–1258 
mm) in sub-catchments 8 and 15. The remaining sub-catchments have received less than 
1097 mm rainfall. During 1982–2000, the surface runoff is largely distributed as per the 
spatial distribution of rainfall. We have also observed a larger spatial variability in percola-
tion in the UBRC during 1982–2000.

4.5  Hydrology of the UBRC: future projections

To simulate the projected hydrological processes in the UBRC, we keep the LU/LC of 
2018 constant and use the ensemble future rainfall and temperature. We considered the 

Fig. 9  Annual average observed changes (mm) in rainfall (a,b), surface runoff (c,d), and percolation (e,f) 
during time period of 1982–2000 (a, c, e) and 2001–2018 (b, d, f), respectively
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other weather parameters as a baseline time period (1980–2018), as they do not have a 
significant influence on the regional hydrology (Dibaba and Demissie 1801). Further, we 
divide the future projection periods into two slices: the one from 2023–2060 and the other 
from 2061–2100. Rainfall in the catchment is expected to decrease in SSP126 and SSP245 
by 21–40% and 24–42%, respectively, in the entire sub-basin during both the projected 
periods (Fig. 10). We observed that rainfall is expected to decrease relatively larger in the 
middle part of the UBRC. According to SSP370, it will decrease by 27–45% from 2023 
to 2060 and 18–37% during 2061–2100. Further, according to SSP585, the rainfall is pro-
jected to decrease by 24–43% and 14–34%, respectively, during both periods.

In addition to rainfall, the surface runoff is expected to decrease by 50–79 % in all sce-
narios for both the projected time periods (Fig. 11). According to SSP126 and SSP245 sce-
narios, it is expected to decrease by 58–75% and 61–77%, respectively, during 2023–2060 
in the entire UBRC; however, in the southern part of the basin, the magnitude will be rela-
tively less (sub-basin 18–25). A similar trend exists in SSP370 and SSP585 climate scenar-
ios. According to these scenarios, the surface runoff is projected to reduce by 64–79% dur-
ing 2023–2060, while in the latter half, it is expected to decrease by 52–72% and 48–69%, 
respectively.

According to the scenarios discussed above, a weaker monsoon is expected during 
2023–2060 as compared to the monsoon during the period from 2061–2100. This will 
eventually result in reduced rainfall (Fig. 10) and surface runoff (Fig. 11), which will ulti-
mately lead to frequent drought events in the UBRC. The percolation is expected to have a 
mixed response (Fig. 12a–h). It is likely to decrease by 18% in the middle part and increase 
up to 25% in the southern and northern parts of the UBRC. In all the climatic scenarios, 
the percolation of rainfall into the ground will be comparatively less in the middle part of 
the UBRC during 2023–2060 than in 2061–2100.  

Fig. 10  Annual average future rainfall changes (%) during time period of 2023–2060 (a, b, c, d) and 2061–
2100 (e, f, g, h) with reference to the base period 1982–2018. Figure (a, e) (b, f) (c, g), and (d, h) corre-
sponds to SSP126, SSP245, SSP370, and SSP585 climate scenarios, respectively
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Fig. 11  Annual average future surface runoff changes (%) during time period of 2023–2060 (a, b, c, d) and 
2061–2100 (e, f, g, h) with reference to the base period 1982–2018. Figure (a, e) (b, f) (c, g), and (d, h) 
corresponds to SSP126, SSP245, SSP370, and SSP585 climate scenarios, respectively

Fig. 12  Annual average future percolation changes (%) during time period of 2023–2060 (a, b, c, d) and 
2061–2100 (e, f, g, h) with reference to the base period 1982–2018. Figure (a, e) (b, f) (c, g), and (d, h) 
corresponds to SSP126, SSP245, SSP370, and SSP585 climate scenarios, respectively
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5  Discussion

We have investigated the combined effect of LU/LC and climate change on the surface run-
off and percolation in the UBRC. To do this, we split the climate data into two time peri-
ods: 1982–2000 and 2001–2018. Since the LU/LC class changes gradually in the region, 
we used baseline LU/LC types for that time period to assess the synergic effect of climate 
change and LU/LC in the hydrology of the UBRC.

We observed a decrease in the annual average surface runoff (21%) and percolation (9%) 
in the catchment during the period between 2001–2018. We noticed that the change in sur-
face runoff is comparable to the pattern of rainfall change in most of the sub-catchments. 
Chawla and Mujumdar (2015) found that the climate has more influence than the LU/LC 
change on the surface runoff. For instance, land use such as built-up and water body have 
changed mainly in sub-catchment number 16. The total annual average rainfall during 
1982–2000 was about 1337 mm, which has decreased to 1014 mm during 2001–2018. This 
difference in rainfall has reduced the surface runoff by 159 mm.

We observed that the percolation in the sub-catchment 16 has decreased by 68 mm dur-
ing 2001–2018 as compared to 1982–2000. This result compares with the other similar 
studies conducted on the semi-arid catchment in India. For example, Tanksali and Sora-
ganvi (2021) observed that due to the effect of LU/LC change the surface runoff in the 
Krishna River basin has reduced by 29%. During the simulation period 2001–2018, we 
have only changed the LU/LC and weather parameters, and other variables such as soil and 
slope remain unchanged. This suggests that the LU/LC and climate change have resulted in 
the reduction in surface runoff and percolation in the UBRC.

We further evaluate the potential causes of reduced runoff and percolation other than the 
LU/LC and climate change. In doing so, we calculated the SPI for the monsoon season to 
characterize the dry and wet events. We then select the corresponding year to identify the 
relationship between surface runoff and percolation in the catchment. We observed dur-
ing 1980–2018, the largest wet and dry events occurred in 1999 and 2003 (Fig.  6). We 
noticed that in the wet year of 1999, the runoff has increased by 6%, and the percolation 
has decreased by 2%. In the dry year 2003, the surface runoff has decreased by 8%, and 
percolation has increased by 6%. Here, it is important to notice that apart from the LU/
LC and initial boundary condition of the catchment, the rainfall pattern largely controls 
the surface runoff. However, in the case of percolation, it depends on the retention time of 
water on the surface. Any increase or decrease in percolation may also be due to the avail-
ability of soil moisture and pre-monsoon rainfall in a given year.

We observed that for all the future climate scenarios, surface runoff and percolation are 
expected to decrease in the catchment. This can be attributed to the increased frequency of 
dry events in the future (Fig. 13). A study conducted by Desai et al. (2020) in the Betwa 
River basin found that the rainfall and surface runoff will increase in the future. This is 
in contrast to our result. We guess this discrepancy is possibly due to the use of different 
future climate models and base time periods. Desai et al. (2020) have considered a single 
model (MIROC5) of CMIP5 for the base period (1960–1990).

The UBRC receives maximum rainfall (about 90%) during the Indian summer mon-
soon. Most of the surface runoff (about 95%) occurred during this period. We observed 
that the surface runoff in the catchment has decreased by 18% during the monsoon sea-
son of 2001–2018 as compared to 1982–2000. It is therefore crucial to conserve the sur-
face water in the UBRC to ensure sustainable water management to cope up with the pro-
jected LU/LC and climate change. The irrigation facilities should be upgraded to improve 
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agricultural productivity throughout the year. In addition, the storage of rainfall during the 
monsoon season by using appropriate methods such as rainwater harvesting and artificial 
recharge facilities should be adopted for proper water supply during non-monsoon months 
in the catchment. This study can be useful for policymakers to make well-informed law 
and adaptive strategies to mitigate risk associated with climate changes under the different 
future climate scenarios of the catchment.

6  Conclusions

We used the SWAT model to assess the impact of LU/LC and climate change on the hydro-
logical response of the Upper Betwa River catchment in Central India. We have executed 
this model for two different times 1982–2000 and 2001–2018 by considering the LU/LC 
data of 1990 and 2018, respectively. The model output shows a decrease in the rainfall 
(12%), surface runoff (21%), and percolation (9%) in the UBRC during the period between 
2001–2018 as compared to 1982–2000.

Considering the future climate change projection scenarios (SSP126, SSP245, SSP370, 
and SSP585) from 2023–2100 and assuming no change in the LU/LC in the catchment 
suggest a significant impact on the rainfall, surface runoff, and percolation from the base-
line period 1982–2018. In all these climate scenarios, rainfall (15–40%) and surface runoff 
(50–79%) are expected to decrease, whereas the percolation will have a mixed response. 
The percolation is likely to decrease (18%) in the middle part of the catchment and increase 
(25%) in the remaining areas. This decline in the rainfall, surface runoff, and percolation in 
the UBRC can have considerable impacts on regional water security and agricultural pro-
ductivity. This study is a step toward assessing the potential impact on the water resources 
in a semi-arid catchment. This is a first-order analysis, yet important to understand the 
hydrological response of UBRC under the past, present, and future climate change sce-
narios. It can be used to develop sustainable water resource management to meet the future 
water demand for agriculture, domestic, industrial, and other purposes.
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Fig. 13  SPI for the monsoon season according to the future climate projections of SSP126, SSP245, 
SSP370, and SSP585 for the period between 2023 and 2100. Shaded region (SPI –0.99 to 0.99) shows the 
normal precipitation condition. SPI values (–1 to –2 ) and (1–2) suggest drought and wet condition
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