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Abstract

Climate and catchment characteristics, particularly land and water use and

management, may vary according to the population growth rate, future food

habits and water demands. Three climate simulations corresponding to the

Intergovernmental Panel on Climate Change, Special Report on Emissions Sce-

narios (A1B) were downscaled using the ‘Providing Regional Climates for

Impact Studies’ (PRECIS) for the period 1961–2098, and bias correction was per-

formed using the quantile mapping (QM) method. A semi-distributed integrated

model (Modified Soil and Water Assessment Tool, SWAT) was used to predict

the impacts of dynamic changes in catchment characteristics in the Himayat

Sagar (HS) catchment and the effects of future climate change on future stream-

flow and groundwater storage. Simulations predicted that if this trend continues

in the future, future climate and anthropogenic changes will lead to a more than

50% reduction in streamflow and a 50% increase in actual evaporation in the HS

catchment. This would reduce groundwater storage to a depth of 15 m compared

to current conditions, and by the end of the century, there would be no contribu-

tion from the base flow to the streamflow. Overall, unless current policies are

modified to stabilize land and water management practices, anthropogenic

changes will have greater importance than climate change.
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Résumé

Les caractéristiques du climat et du bassin versant, en particulier l'utilization

et la gestion des terres et de l'eau, peuvent varier selon le taux de croissance

démographique, les habitudes alimentaires futures et la demande en eau. Trois

simulations climatiques correspondant au Rapport spécial sur les scénarios
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d'émissions (A1B) du Groupe d'experts intergouvernemental sur l'évolution du

climat ont été diminuées à l'aide de la méthode «Providing Regional Climates

for Impact Studies» (PRECIS) pour la période 1961–2098, et la correction des

biais a été effectuée à l'aide de la méthode de cartographie des quantiles (QM).

Un modèle intégré semi-distribué (Outil d'évaluation des sols et des ressources

en eau modifié, SWAT) a été utilisé pour prédire les impacts des changements

dynamiques sur les caractéristiques du bassin versant de l'Himayat Sagar

(HS) et les effets des changements climatiques futurs sur le débit fluvial et le

stockage des eaux souterraines. Les simulations ont prédit que si cette ten-

dance se poursuit à l'avenir, les changements climatiques et anthropiques

futurs entraîneront une réduction de plus de 50% du débit fluvial et une aug-

mentation de 50% de l'évaporation réelle dans le bassin versant de l'Himayat

Sagar. Cela réduirait le stockage des eaux souterraines à une profondeur de

15 m par rapport aux conditions actuelles et, d'ici la fin du siècle, il n'y aurait

aucune contribution du débit de base au débit fluvial. Dans l'ensemble, à

moins que les politiques actuelles ne soient modifiées pour stabilizer les pra-

tiques de gestion des terres et des eaux, les changements anthropiques auront

une importance très supérieure à celle des changements climatiques.

MOT S CL É S

changements climatiques, changements anthropiques, prélèvement des eaux souterraines,
expansion de l'irrigation, changements de débit et exploitation des eaux souterraines

1 | INTRODUCTION

One of the most important natural resources that has to
be properly managed to meet human requirements,
including food and health, is water. The availability of
water resources in a hydrological system is affected over
time by exogenous (caused by nature) and endogenous
(induced by human activities) forces or both and will con-
tinue to be affected in the future. Endogenous forces are
human actions that alter the characteristics of catchments,
whereas exogenous forces are natural processes and
human activities that increase greenhouse gas concentra-
tions in the atmosphere and cause climate change
(Mohammed et al., 2020; Müller & Levy, 2019; Neal
et al., 2002; Padowski et al., 2015). Particularly in semi-
arid areas of emerging nations, climate and catchment
changes are extremely dynamic both spatially and tempo-
rally (Nune et al., 2014). These forces change the catch-
ment's entire water balance proportion, including
evapotranspiration, soil moisture, groundwater recharge,
and streamflow and groundwater storage. The last few
decades have seen an increase in interest in determining
the various forces altering the hydrological system and
evaluating the relative contributions of each force. Accord-
ing to recent studies, during the planning and manage-
ment of water resources, both exogenous and endogenous

changes occur since they have a significant impact on
watershed hydrology (Cooley et al., 2021; Marvel
et al., 2019; Yang et al., 2021). An integrated surface and
groundwater hydrological model can be used to assess the
relative contributions of each of these forces to historical
conditions. It is also possible to forecast the future effects
of various forces by extrapolating their trends from gov-
ernment initiatives. The prediction of future hydrological
changes driven by dynamic anthropogenic and climate
changes can aid in the development of strategies to man-
age water resources in the context of future challenges.

Climate change refers to any long-term changes in the
mean and/or variability of the climate in any region
(IPCC, 2007 2014). There is no doubt that the global cli-
mate system is changing, especially in terms of rising tem-
peratures, as confirmed by the IPCC Six Assessment
Report (AR6) (IPCC, 2023). Through variations in precipi-
tation intensity and frequency in addition to evapotranspi-
ration caused by fluctuations in temperature, radiation
and wind speed, climate change has a direct impact on
hydrological processes. These modifications may result in
changes in soil moisture availability, evapotranspiration
and hydrological extremes such as peak and low flows
driven by flood and drought events (Afzal & Ragab, 2019,
2020a, 2020b; Saft et al., 2015). Studies are usually con-
ducted using the output data of a general circulation
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model (GCM) downscaled with regional climate models
(RCMs) to determine the influence of climate change. To
understand the effects of fluctuations in temperature and
precipitation on the water resources of numerous river
basins worldwide, a great deal of research has been con-
ducted (Gosling & Arnell, 2016; Haddeland et al., 2014).
For instance, research has indicated that variations in pre-
cipitation and projected increases in temperature may
impact not only water reserves but also aquatic and terres-
trial environments across various regions of the world
(Allen et al., 2010; Cristea & Burges, 2010). In the
United States, streamflow into the Mono Lake basin in
California is projected to decrease by 15% by the end of
2030 compared to historical levels. Furthermore, it has
been noted that in many catchments, climate change is
associated with an increase (7–22%) in the frequency of
drought conditions and a decrease (0–15%) in the fre-
quency of flood conditions (Ficklin et al., 2013). An analy-
sis conducted by Chiew and McMahon, (2002) revealed
how climate change might affect streamflow in Australia
by 2030 in the north-east (�5% to 15%) and east coast
(�15% to 15%) catchments. Apart from the projected fluc-
tuations in streamflow in certain catchments, it has been
discovered that extended drought conditions (spanning
across decades) cause modifications in the relationships
between rainfall and runoff in dry, flatter and less wooded
catchments in south-east Australia (Saft et al., 2015). The
Gediz and Buyuk Menderes sub-basins in Turkey are pro-
jected to experience 20, 35 and 50% reductions in surface
water by 2030, 2050 and 2080, respectively, as a result of
climate change (Ozkul, 2009). According to a study con-
ducted in India on 12 significant river basins, streamflow
will decline in the future, and the intensity of floods and
droughts will increase (Gosain et al., 2006). In many parts
of the world, streamflow and catchment hydrology have
been significantly impacted as a result of climate change
(Dingbao & Alimohammadi, 2012; Kusangaya et al., 2014;
Middelkoop et al., 2001).

Endogenous catchment changes are typically anthro-
pogenic and mostly induced by water use. Examples of this
include the indiscriminate exploitation of surface and
groundwater resources in catchments, as well as the
expansion of irrigated areas (land use change) as a result
of harvesting surface runoff through water storage struc-
tures (Alemayehu et al., 2007; Ashraf et al., 2007; Beavis
et al., 1997; Callow & Smettem, 2009; Garg et al., 2012;
Jordan et al., 2008; Niehoff et al., 2002; Quilbé et al., 2008;
Siriwardena et al., 2006; Stone & Hansen, 2016). Such
changes have been found to affect the streamflow, ground-
water storage and overall water availability of catchments
in many regions (Rockstrom et al., 2009;
Shiklomanov, 1989, 1997; Shiklomanov et al., 2011). In
particular, increased irrigated land in the Himayat Sagar

catchment (India) has led to a decrease in groundwater
levels and an increase in actual evapotranspiration due to
anthropogenic changes (Nune et al., 2014). Furthermore,
in the Himayat Sagar basin and many other catchments,
the base flow contribution to streamflow has decreased
due to the overabstraction of groundwater resources
(Ashraf et al., 2007; Nune et al., 2014; Schreider
et al., 2002; Venkateswara Rao et al., 2006).

Future climate change and catchment changes will
likely continue to jeopardize the sustainability of water
supplies, which will be extremely difficult in many semi-
arid regions of the world. Understanding the effects of cli-
mate change and different anthropogenic activities on
watershed hydrology has been the focus of several studies
conducted throughout the world. For example, there are
numerous studies on how climate change affects basin
agricultural productivity, streamflow and total water avail-
ability (Bouwer et al., 2006; Murugan et al., 2005). Simi-
larly, a number of studies have examined how streamflow
and water storage are affected by both human activity and
climate change (Baloch et al., 2015; Mittal et al., 2016;
Pohle et al., 2015; Zhang & Lu, 2009). However, the major-
ity of these studies have focused on the impacts of climate
change, catchment changes or both on streamflow or
groundwater storage. Few studies have examined all of the
dynamic drivers of change (caused by anthropogenic activ-
ities and climate) across all of the hydrological compo-
nents of a catchment. Recently, scientific effort has shifted
its focus to understanding the possible causes of change
and evaluating the relative effects of anthropogenic and
climate change on hydrological systems to manage current
and future challenges.

Water resources must be understood at the scale at
which they are managed, as management effects may vary
from location to location due to heterogeneity in catch-
ment characteristics. A common approach for studying cli-
mate and anthropogenic impacts on catchment hydrology
is therefore to use hydrological models to represent the
hydrological processes and climate conditions of specific
catchments. The Soil and Water Assessment Tool (SWAT)
(Arnold et al., 1998; Arnold & Fohrer, 2005), is a semi-
distributed hydrological model that is widely used in differ-
ent river basins throughout the world and was used in this
study to simulate hydrological processes and address vari-
ous hydrological problems. It operates continuously on a
daily timescale, and SWAT is known for its high efficiency
in reproducing hydroclimate systems using available cli-
mate and catchment characteristics data. The SWAT
model has been applied successfully to address the impacts
of climate change and human activity on water availability
in various parts of the world due to its high computational
efficiency (Afzal & Ragab, 2020, 2020b; Desai et al., 2020;
Gosain et al., 2006; Gosling & Arnell, 2016).
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For example, Ribeiro et al. (2022) examined the effects
of land use and climate changes on the availability of all
water resources using the SWAT model. Similarly, other
studies have applied the SWAT model to analyse the
impacts of climate change and human activities on river
runoff and catchment evapotranspiration (Desai
et al., 2020; Senent-Aparicio et al., 2018). To examine these

effects on the sustainability of river basins throughout the
century, the SWAT model has also been coupled with
groundwater models to simulate all horizontal and vertical
fluxes, including recharge and pumping at the sub-basin
level (Nune et al., 2021; Perkins & Sophocleous, 2000;
Perrin et al., 2012; Zhang et al., 2020). However, only a
small number of studies have examined the impacts of

FIGURE 1 Map showing the location of the Himayat Sagar catchment in southern India.
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changing climate and watershed characteristics, both spa-
tially and temporally, on all of the hydrological processes
(both vertical and horizontal fluxes) of Indian river basins.

Therefore, this study aimed to examine the potential
impacts of future exogenous (climate change) and endoge-
nous (anthropogenic activity) forces on the hydrology of a
semi-arid catchment. The Himayat Sagar (HS) catchment,
a subcatchment of the Musi river basin in southern India,
was selected as a case study to analyse the potential impacts
of future changes on catchment hydrology (Figure 1). Three
climate perturbations of the PRECIS data (Q0, Q1 and Q14
of the A1B emission scenarios), which were bias corrected
using the quantile mapping method, were employed in this
investigation. Historical trends, such as changes in land use
and water storage capacity in the HS catchment, are uti-
lized for predicting future anthropogenic changes. To quan-
tify the impacts of climate change and human activities on
the hydrology of the HS catchment, a modified SWAT
model, a coupled SWAT model with a groundwater model,
was used. It was calibrated and validated against the histor-
ical flow and groundwater storage of the HS catchment
(Nune et al., 2021).

This paper discusses the comprehensive assessment
framework adopted to assess the potential future individ-
ual and combined impacts of climate and anthropogenic
changes on streamflow and groundwater storage in the
HS catchment. Specifically, it aims to:

• Examine the individual impacts of climate change by
keeping catchment characteristic conditions
unchanged; and

• Examine the combined impact of climate and catch-
ment changes (both land use and water storage capaci-
ties) for the three climate perturbations.

2 | STUDY AREA

The Himayat Sagar (HS) catchment is one of the sub-
basins of the Musi river and is located in the Krishna river
basin of south India. The total geographical area of the HS
catchment is 1,340 km2, as shown in Figure 1. The HS
catchment receives an average annual rainfall of 718 mm,
90% of which occurs in a 4-month period (June–
September) during the south-west monsoon season. The
runoff generated from the catchment drains into the River
Esa. In 1927, a reservoir called the Himayat Sagar reservoir
was constructed on this river to control floods and supply
drinking water to Hyderabad city; it is located 9.6 km
upstream of that city. The overflow from the HS reservoir
joins the Musi river downstream of the catchment. Tem-
peratures in the catchment vary from 44�C in summer to
12�C in winter (George et al., 2007). The soils spread
across this catchment are predominantly clay, and there
are also loamy and rock formations (Gurunadha Rao
et al., 2007). In this catchment, crops are grown mainly in
two seasons, the kharif season (June to November) and
the rabi season (December to March), and agricultural
lands are kept fallow during the summer period.

The HS catchment underwent many complex changes
from 1980 to 2007. The net irrigated area doubled
between 1980 and 2000, and as a result of a watershed
development programme in the catchment, the total
water-harvesting area and volume of watershed struc-
tures increased from 1 to 3 km2 and from 1.1 � 106 to
6 � 106 m3, respectively (Nune et al., 2014, 2021). The
streamflow into the HS reservoir during the study period
(1980–2007) showed a declining trend, although no sig-
nificant trend was observed in the average annual rainfall
(Figure 2). During this period, the streamflow into the

FIGURE 2 Annual rainfall and observed

annual streamflow in the Himayat Sagar

catchment.
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HS reservoir decreased from 14% of the total rainfall
(from 1980 to 1984) to less than 5% (from 2000 to 2004),
and the average groundwater level decreased by approxi-
mately 0.18 m yr⁻¹ (Massuel et al., 2013; Nune
et al., 2014). Overall, during the study period, it was
observed that the decrease in HS streamflow was mainly
due to an increase in the area under irrigation but not
due to increased runoff interception storage in the HS
catchment (Nune et al., 2014).

3 | DATA AND METHODS

In this study, bias-corrected PERECIS (Providing
Regional Environments for Impact Studies) climate data
and future catchment change data, derived from histori-
cal observations (1980–2007), were used to analyze the
impacts of these changes on the hydrology of the HS
catchment (Jones et al., 2004; Rupa Kumar et al., 2006;
Themeßl et al., 2012). Data obtained from the relevant
state government departments in Telangana state during
the historical period (1980–2007) were used to model the
watershed characteristics, model calibration and valida-
tion, including climate, land use, soil qualities, reservoir
inflows, groundwater levels and temporal and spatial dis-
tributions of water-harvesting structures (Nune
et al., 2014, 2021). The estimation of groundwater pump-
ing rates in the watershed during the kharif and rabi sea-
sons was derived from a direct survey of farmers and
cross-checked with the literature (Perrin et al., 2012). The
stage–area–volume data of different small water-
harvesting structures were directly collected from the
structures during field visits and for larger village water
tanks, and the data were obtained through interpretation
of remote sensing images (unsupervised classification)
and Google Earth images of the catchment. More details
of these methods (PRECIS data and quantile mapping)
are explained in detail in the following sections. The
impacts of future hydrological changes caused by changes
in climate and watershed features are examined sepa-
rately for three distinct climate periods: early century
(2041–2040), middle century (2041–2070) and late cen-
tury (2071–2098).

3.1 | Overview of the modified SWAT
model and set-up

The modified SWAT model was developed to capture
trends in streamflow and groundwater storage/levels due
to climatic and anthropogenic changes that occurred in
the study catchment. The modified SWAT tool was devel-
oped using the MATLAB programming language, a

commercial software package that directly expresses
matrix and array mathematics (The MathWorks
Inc., 2012). It is an integrated model of surface and
groundwater systems that operates on a daily time step.
The surface, plant and soil profile processes of the model
are similar to those in the SWAT model, and they esti-
mate processes for each hydrological response unit
(HRU) (Arnold et al., 1998).

The modified SWAT model differs from the SWAT
model in the estimation of the recharge component. The
recharge from all HRUs in a sub-basin is aggregated,
which then becomes the input to the lumped groundwa-
ter storage model, which simulates groundwater pro-
cesses at the sub-basin level. The modified SWAT model
estimates the potential evapotranspiration using the mod-
ified FAO Penman–Monteith equation, as in the SWAT
model (Allen et al., 1998). Actual evapotranspiration con-
stitutes evaporation from soils, water bodies (watershed
development structures, village water bodies and depres-
sion storages) and transpiration by vegetation. The total
volume of large water storage structures (reservoirs/natu-
ral lakes/natural tanks) within a sub-basin was aggre-
gated and represented as a reservoir at the outlet of each
sub-basin. The total volume of small watershed develop-
ment structures is aggregated and simulated within each
HRU. Both the watershed development structures and
village water bodies are spatially simulated considering
their daily capacity, inflow and outflow, and seepage and
evaporation. Figure 3 describes the details of the model
processes and their interconnections at each subcatch-
ment level.

The modified SWAT model has been structured to
allow changes/trends in land use, groundwater extraction
and hydrologic engineering (village tanks/ponds stor-
ages) of the catchment to be easily included in the model
as a time series input so that the spatial and temporal
variations (dynamic changes) in the input data can be
updated during model simulations. Continuous informa-
tion on land use and watershed development structures
can be updated between years based on the available
annual information via linear interpolation.

The Soil Conservation Service Curve Number
(SCS-CN) method was used to generate surface runoff in
each HRU with the remaining water being infiltrated
through the multilayer soil profile modelled using the
SCS-CN equations (2:1.1.1, 2:1.1.2 and 2:1.1.3 in
the SWAT Theoretical Manual) as used in SWAT (Arnold
et al., 1998). Generally, the CN values for a given soil,
land cover and land management condition are chosen
from a table provided in the SWAT model documenta-
tion. Hydrologic soil types C and D represented the
majority of the HS catchment soils, which were clayey
(70%) and loamy (15%). The curve number (CN) of a

6 NUNE ET AL.
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given day is calculated by using a retention parameter,
which changes with the soil water content of the soil pro-
file as per the 5-day soil antecedent moisture conditions
(AMCs) (Neitsch et al., 2009). The runoff generated in
each HRU is first captured by the watershed development
structures within the HRU, and then any spills go into
the storage reservoir located at the end of each sub-basin.
In addition to overflow from HRUs within a sub-basin,
streamflow from the upstream sub-basin will also join
the reservoirs in each sub-basin. Furthermore, the reser-
voir spills are routed downstream through the stream
network using a cascade of two linear store approaches
and eventually reach the catchment outlet (Figure 3)
(Jayatilaka et al., 2003; Ramabrahmam et al., 2021).

Unlike SWAT, the groundwater system is modelled at
the subcatchment level rather than at the HRU level, as
the contribution of groundwater storage to irrigation
depends on the areas in each HRU and their storage
capacities, leading to nonlinearity in the groundwater
response to recharge and groundwater extraction in a sub-
basin. The majority of groundwater resources are present
in unconfined shallow aquifers supported by Archaean
granite rocks 20–40 m below subsurface profiles
(Dewandel et al., 2006). Piezometric gradients indicate
that the groundwater flows from west to east, similar to
the surface catchment. The direction of groundwater flow
and the boundaries of the surface catchment show that
the groundwater basin and the surface catchment are
closely aligned with one another (Massuel et al., 2013).
Since the HS watershed is located upstream of the Musi
river basin, the base flow into the catchment was consid-
ered to be zero. The groundwater storage in January 1980
was considered the initial level of groundwater storage at

the start of the simulation in the groundwater budget. The
groundwater model has a threshold for groundwater stor-
age below which the base flow becomes zero. Since
groundwater extractions in irrigated sub-basins may lead
to the depletion of groundwater storage below this thresh-
old, the base flow from this sub-basin can reach zero. An
area-weighted average of recharge from all the HRUs in a
sub-basin is calculated and added to the groundwater stor-
age. This recharge includes vertical soil drainage and seep-
age from hydrological structures. The base flow
contribution to streamflow was calculated using a base
flow recession constant (ALPHA_BF) for all sub-basins.
The area-weighted average groundwater storage depth
from all sub-basins was calculated and converted into the
average groundwater level by assuming a specific yield of
0.02 to enable comparisons against groundwater level
observations (Nune et al., 2021).

The irrigation module operates only during the crop-
growing period, which is the period from planting to
maturity, that is, until the accumulated heat units reach
the threshold value (at maturity). The HRU is designed
as a depression storage (Programed in the modified
SWAT) unit for paddy crops with a defined storage capac-
ity and a threshold level below which autoirrigation is
triggered. In the case of non-paddy and vegetable crop
HRUs, autoirrigation is triggered when the soil moisture
storage in the root zone falls below a threshold level dur-
ing the crop period, and the HRUs are irrigated to the soil
field capacity. The total quantity of water required for
irrigation to all HRUs in a sub-basin is deducted from the
groundwater storage of that sub-basin.

The total HS catchment area was divided into 19 sub-
basins based on the delineated drainage network using

FIGURE 3 Structure of the modified SWAT model.

NUNE ET AL. 7

 15310361, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ird.3018, W

iley O
nline L

ibrary on [03/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the DEM (digital elevation model). The land use details
for each sub-basin for the years 1985, 2000 and 2007 were
extracted from the mandal (subdivision of district area)
land use statistical data obtained from the Department of
Economics and Statistics (DES), Telangana state. Based
on the spatial distributions of the land use classes and
soil types, 41 unique soil–land use combinations (HRUs)
were defined, and the areas of each HRU in each sub-
basin were extracted. The HRU area fluctuates yearly
based on changes in land use in each sub-basin without
exceeding the total area of the HS catchment region.

The HS catchment was characterized by four soil
layers of varying thickness. In the study area, the south-
west monsoon (June–September) subsides completely by
the end of October, and the soil water content exceeds
the field capacity for that month. Since the model run
starts in January, we expected the soil water content to
be less than the field capacity. The model calculates the
next day's soil water content based on the irrigation pro-
vided to the crop, rainfall amount and previous soil mois-
ture content, as crops are usually irrigated in this study
area during the rabi (post-rainy) season. Based on field
experience, observations and field visit discussions with
farmers during collection of the data required to build
the model, the total available water content at that time
of the year is estimated to be 75% of its maximum total
available water. The maximum total available water for
the plant was calculated as the difference between the
field capacity and wilting point water content multiplied
by the root zone depth.

In the HS catchment, there are two cropping periods:
the kharif (rainy) season (paddy crop: July to November;
sorghum: July to mid-November; vegetables: July to
December) and the rabi season (paddy and vegetable
crops: January–April). The crop season dates were fixed
throughout the simulation runs. The parameters required
for crop growth in the modified SWAT model were
obtained from the SWAT database. The major crops culti-
vated in the catchment during kharif and rabi are rice
(rice, as an irrigated crop), sorghum (grsg, as a rainfed
crop) and tomato (toma, as an irrigated vegetable crop).
To differentiate irrigated from rainfed areas during the
kharif and rabi seasons, each irrigated area in kharif was
divided into two parts (two HRUs) so that the rabi area
could be accommodated within the kharif area, one that
is irrigated during both the kharif and rabi seasons and
the other that is irrigated only in the kharif season.

Based on area–stage–volume relationships collected
from a few village water bodies/natural water tanks, all
the water bodies in a sub-basin were aggregated (areas
and capacities) and represented as a single reservoir in
each sub-basin. All the small watershed hydrological
structures (check dams, percolation tanks, farmponds,

etc.) located within the sub-basin were aggregated and
redistributed as small reservoirs within each HRU in pro-
portion to the HRU areas. The streamflow from the most
downstream sub-basin is compared to that in the HS reser-
voir at the end of the catchment. In this paper, all hydro-
logical water balance component units are expressed in
terms of depth relative to the corresponding average
annual rainfall over the period. All the catchment charac-
teristics and their spatial and temporal changes were cap-
tured as realistically as possible in the model.

3.2 | Model calibration

The model was calibrated during 1980–1989 and vali-
dated for the period 1990–2007, as the data indicate a low
level of water resource development and represent equi-
librium conditions at the start of the subsequent develop-
ment phase, which shows significant land use changes
and water resource development (since the 1990s). This
period after 1989 has hydrological data that carry a high
uncertainty level due to farmers' intervention and inter-
ception of surface runoff.

There are a variety of approaches that could be taken
to simulate all the changes in the catchment, for example
adding one change at a time and gradually building up
all changes or simulating all changes in the catchment as
realistically as possible and then looking at subsets of
change. In this study, the second approach was used by
first evaluating the model's ability to simulate change
by incorporating all changes and then evaluating the
individual changes within the catchment. Finally, the
role of different drivers of change on the overall hydro-
logic change in the catchment was explored.

A range of key model parameters influencing surface
runoff generation and groundwater recharge were cali-
brated in a systematic order. The key parameters used in
the model calibration were the soil available water con-
tent (Sol_AWC), soil hydraulic conductivity (Sol_K),
curve number (CN) of the hydrological structures and
reservoirs (Structures_K and Reservoirs_K), base flow
recession constant (ALPHA_BH) and groundwater delay
time (GW_DELAY). The parameter value ranges were
obtained from a calibrated SWAT model that was used in
the Osman Sagar catchment, which is another subcatch-
ment of the Musi river that is adjacent to the HS catch-
ment (Garg et al., 2012; Water Technology Centre, 2008).
These parameters were systematically adjusted during
model calibration. The calibration aimed to match the
monthly simulated streamflow with the observed stream-
flow in the HS reservoir. The details of the initial and
final calibrated parameters and their ranges are given in
Table 1.

8 NUNE ET AL.
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3.3 | Model validation

The following scenarios were created to evaluate the
model's capacity to capture all watershed changes and to
attribute the trends in streamflow and groundwater stor-
age to their historical changes:

• Base case (Base): A scenario with changes in meteoro-
logical data but without any changes in catchment
characteristics observed during calibration.

• Stationary climate (SC): A scenario that is the same as
the Base case scenario but forced with a detrended
(with only the trend in observed meteorological
parameters removed) time series of wind speed and
relative humidity data over the entire simulation
period.

• Water harvesting (WH): A scenario that is the same as
the Base case scenario except that it considers changes
in watershed development structures (small and village
tanks) that occurred over the entire simulation period.

• Land use change (LU): A scenario that is the same as
the Base scenario but only considers land use changes
that occurred during the entire simulation period; and

• Best estimate (Best): A scenario that closely captures
catchment reality with observed changes in both cli-
mate and catchment characteristics.

In the ideal estimate (Ideal) scenario, to integrate the
impacts of both climate and catchment changes,
the observed meteorological data, changes in land use

and watershed development structures during the valida-
tion period were input into the model.

3.4 | Future climate change scenarios

A set of Quantifying Uncertainties in Model Predictions
(QUMP) ensembles under the A1B emission scenario was
selected for this study. The ensembles were generated by
the Hadley Centre Coupled Model, version
3 (HadCM3-version 3) using the Special Report on Emis-
sion Scenarios (SRES) A1B emission scenarios provided by
the Intergovernmental Panel on Climate Change
(IPCC, 2007) over the South Asian domain. HadCM3 is a
coupled atmospheric–ocean general circulation model,
and a detailed description of the model was provided by
Gordon et al. (2000) and Pope et al. (2000). The QUMP
ensemble data sets of HadCM3 were validated for the
Indian subcontinent and downscaled using PRECIS by the
Indian Institute of Tropical Meteorology (IITM), Pune,
India. This generated high-resolution (50 ⨯ 50 km) data
for the period 1961–2098 for the Krishna river basin
(Kumar et al., 2011). PRECIS (Providing Regional Cli-
mates for Impact Studies) is a regional climate model
developed by the UK Meteorological (Met) Office at the
Hadley Centre and has been applied in many regions of
the world. A detailed description of the PRECIS model
was provided by Jones et al. (2004). The daily gridded rain-
fall data produced by the India Meteorological Depart-
ment (hereafter IMD) for the period 1961–1990 were used

TABLE 1 Calibrated parameters: initial range and final values.

Parameter Initial values (range) Final/calibrated values Source

Sand content (SAND, %) 23–63 23–63 (Garg et al., 2012; Water
Technology Centre, 2008).Silt content (SILT, %) 5.9–17.8 5.9–17.8

Clay content (CLAY, %) 22–49.9 22–49.9

Gravel fraction (ROCK, %) 10–15 10–15

Bulk density (SOL_BD, g cm⁻3) 1.16–1.53 1.16–1.53

Soil depth (Z, mm) 400–1,360 400–1,360

Soil available water content, Sol_AWC (%) 0.13 ± (0.05–0.20) 0.10–0.23 Calibrated

Saturated hydraulic conductivity, Sol_K (mm h⁻¹) 2.0 ± (1.0–8.0) 6–6.5 Calibrated

Curve number, CN (70–80) ± (2–20) 54–74 Calibrated

Soil evaporation compensation coefficient, ESCO 0.8 ± (0.05–2.0) 0.9 Calibrated

Hydraulic conductivity of the structures bottom,
Structures_ K (mm h⁻¹)

4 ± (0.25–5) 6.25 Calibrated

Hydraulic conductivity of the reservoir bottom,
Reservoirs _K (mm h⁻¹)

2 ± (1.0–5.0) 3 Calibrated

Base flow recession constant, ALPHA_BF 0.005–0.02 0.02 Calibrated

Groundwater delay time (days), GW_DELAY 22 22 Calibrated

NUNE ET AL. 9
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to validate the performance of the PRECIS data in repro-
ducing historical climate data (Rajeevan et al., 2006). In all
the simulations, the spatial distributions of rainfall and
surface air temperature over the Krishna basin were satis-
factorily simulated in the Q0, Q1 and Q14 data sets. How-
ever, two QUMP simulations, Q0 and Q14, showed a
wetter bias, and Q1 produced a dry bias over the entire
basin. The simulated climate (Q0, Q1 and Q14) data of
each grid spread over the HS catchment were averaged for
each component and given as input to the model.

Quantile mapping can be classified as distribution-
based (calibrated on climatological distributions rather
than on paired data), direct (predictor and predictand are
the same parameters), or parameter-free (using empirical
cumulative density distributions, ecdfs, rather than theo-
retical cumulative distribution functions). In this study,
QM was applied to daily (t) data for each grid cell (i),
resulting in a corrected time series (Ycor in Equation 1),
which was obtained using a correction function
(CF) defined in Equation (2):

Ycor
t,i ¼Xraw

t,i þCFt,i ð1Þ

CFt,i ¼ ecdf obs,cal�1
doy,i Pt,ið Þ� ecdf mod,cal�1

doy,i Pt,ið Þ ð2Þ

Pt,i ¼ ecdf mod,cal
doy,i Xraw

T,i

� � ð3Þ

The CF represents the difference in the probability
P between the observed and modelled (mod) inverse ecdf
data (ecdf�1) for the respective day of the year (doy)
within the calibration period (cal) (Kundzewicz &
Robson, 2004). P is obtained by relating the raw climate
model output Xraw to the corresponding ecdf in the cali-
bration period. For QM calibration, data from 1969 to
2004 are used for a 31-day window centred on doy.

3.5 | Future anthropogenic changes

The trends observed in anthropogenic changes during
1980–2007 were used as the basis for developing future
changes in land use, water storage structures
(e.g. reservoirs) and water-harvesting structures (small
watershed structures), as shown in Table 2. In 2014–
2015, the Mission Kakatiya programme was launched to
desilt soil from existing village water tanks to increase
their water storage capacity and to recharge groundwater
storage around them. It was estimated that the area of
village water tanks increased by 20% (2018) compared
with that in the pre-Mission Kakatiya programme
(Gumma et al., 2023). The storage capacities of these vil-
lage water storage tanks are expected to increase by 50%
(by 2020), as both the capacity and storage area of the
existing storage tanks have been observed to increase
through the Mission Kakatiya programme. Therefore, in
this model, the storage capacity of these tanks will
increase by 50% by 2020 and remain the same until the
end of the century (2098).

This study predicts that the Telangana government
will continue to implement soil and rainwater conserva-
tion programmes (watershed structures) that will lead to
future land use changes. The storage capacity of small
watershed structures is projected to double by 2040, qua-
druple by 2070 and increase by a factor of 5.7 by 2098.
Therefore, the area under irrigated crops is expected to
increase with the same trend observed historically.
However, the expansion of irrigated crops is expected to
occur initially in rainfed areas and later spread to uncul-
tivable areas. Since groundwater is already depleted in
the HS catchment, the irrigated area is likely to increase
at a rate of 100 km2 every 30 years, as the groundwater
levels in the HS catchment have been depleting since
2000, and the growth rate of irrigated crop area is

TABLE 2 Details of changes during the period from 1980 to 2098; res. capacity = reservoir capacity; HS capacity = hydrologic structure

capacity.

Changes Area (km2) 1980 1990 2000 2010 2040 2070 2098

Land use (km2) Forest 65 65 67 67 67 67 67

Uncultivatable 695 695 695 695 672 649 626

Rainfed 494 494 407 312 235 158 96

Irrigated 45 45 130 225 325 425 510

Total area 1,299 1,299 1,299 1,299 1,299 1,299 1,299

Res. capacity Surface area 13 13 13 13 20 20 20

Volume (ML)* 18,280 18,280 18,280 18,280 27,420 27,420 27,420

HS capacity Surface area 0.00 0.60 1.8 2.8 4.8 6.8 8.5

Volume (ML) 0.00 1,176 3,399 5,300 8,967 12,634 16,300

*Million litres.

10 NUNE ET AL.
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observed to be 90 km2 every 10 years (1990–2000:
85 km2; 2000–2010: 95 km2, an average of 90 km2 every
10 years).

3.6 | Future simulations

The modified SWAT model, which was calibrated and
validated against historical streamflow and groundwater
storage in the HS watershed, was used to evaluate the
impact of future anthropogenic changes by applying
three future climatic simulations (Q0, Q1 and Q14). The
following scenarios were generated to assess the individ-
ual impacts of future climate and anthropogenic changes
on the hydrology of the HS catchment. In scenario 1, to
analyse the impact of climate change in the future, the
model is forced with future climate data without chang-
ing the characteristics of the HS catchment during the
entire simulation period (2011–2098). In scenario 2, to
analyse the impact of both climate and catchment
changes (such as land use, watershed water-harvesting
strictures, village water tanks and naturally formed lakes)
in the future, the model is forced with future climate and
anthropogenic changes in the catchment. Finally, two
scenarios were used to analyse the combined and individ-
ual impacts of both climate and anthropogenic changes
on the HS hydrological system.

4 | RESULTS

During the calibration period (1980–1989), good agree-
ment was observed between the simulated and observed
monthly and annual streamflows (R2 (coefficient of
determination) = 0.85 and 0.97, Nash–Sutcliffe model
efficiency = 0.83 and 0.92, (Nash & Sutcliffe, 1970),
respectively) (Figures 4a–c). During the calibration
period, the average annual simulated streamflow was
82 mm, 44 mm of which was from surface runoff and
38 mm from base flow. Similarly, during this period, the
average annual irrigation depth extracted from ground-
water resources for the entire HS catchment was esti-
mated to be 61 mm. The average annual recharge to
groundwater storage due to rainfall and irrigation of
715 and 61 mm, respectively, was simulated to be 99 mm.
The average annual actual evapotranspiration (ET) for
the entire HS catchment was 634 mm. There was no
trend in the simulated annual groundwater level of the
HS during the calibration period 1980–1989 (Figure 4d).

During the validation period, the average annual sim-
ulated and observed streamflow (1980–2007, R2 = 0.90,
NSE = 0.86) at the HS reservoir showed a good correla-
tion (Figures 5a, b), and this scenario provided the best
predictions of streamflow along with the land use change
scenario. Ragab et al. (2020), using five catchment river
flows in the UK, found that the lowest uncertainty in

FIGURE 4 Model results for the

calibration period: (a) scatter plot of

monthly simulated and observed

streamflow data, (b) time series of

monthly observed and simulated

streamflow data, (c) scatter plot of

annual simulated and observed

streamflow data, and (d) average annual

groundwater level at the start of each

year (January) during the calibration

period (1980–1989).
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predicted river flows when increasing the timescale from
daily to monthly to seasonal was associated with annual
flows. Daily and monthly data commonly have more
noise (sudden peaks and drops), while annual flows inte-
grate, harmonize and smooth out such sudden variations.

During the validation period, the streamflow into the
HS reservoir from the catchment decreased drastically
compared with that during the calibration period
(80 mm). The average annual streamflow observed in the
HS reservoir was 39 mm, whereas the model-simulated
streamflow was 36 mm. Due to changes in land use and
increased watershed development structures, groundwa-
ter extraction for irrigation increased, on average, to
104 mm. Similarly, the average annual recharge and
average annual actual evapotranspiration of the catch-
ment increased to 105 and 699 mm, respectively
(Figures 5c–f).

Due to all changes in the HS catchment during the
study period (1980–2007), the rate at which the observed
streamflow declined was �3.03 mm yr⁻¹, whereas the
simulated streamflow declined at a rate of �2.65 mm
yr⁻¹. Similarly, it was observed that the average ground-
water levels declined at a rate of 0.19 mm yr⁻¹ during the

validation period (1990–2007). The rate of groundwater
depletion observed in this study (subcatchment of the
Musi river basin) is similar to that of the larger Musi
catchment, where the groundwater level declined at a
rate of 0.18 m/year (1998–2004) (Massuel et al., 2013).
Overall, the best estimate scenario led to the greatest
decline in streamflow and the second greatest decline in
groundwater levels in the catchment.

4.1 | Changes in PRECIS climate data
before and after bias corrections

Daily meteorological data of each grid covering the study
area obtained from the Indian Meteorological Depart-
ment (IMD Pune, India) were used for bias correction of
three PRECIS future climate projections (Q0, Q1 and
Q14). The period 1980–2010 was selected as the baseline
period in this study because the study used the period
1980–89 for calibration and the period 1990–2007 for vali-
dation of the modified SWAT model. Model results were
analysed to assess the impacts of future climate and
anthropogenic activities on streamflow and groundwater

FIGURE 5 Trends of hydrological

processes in different scenarios (WH,

LU & Best): (a) observed and simulated

streamflow; (b) correlation between

observed and simulated streamflow;

(c) actual evapotranspiration;

(d) groundwater levels; (e) groundwater

recharge and (f) irrigation depths in the

Himayat Sagar catchment.
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storage for each climate condition for each time slice
(early: 2011–2040, middle: 2041–2070 and end century:
2071–2098) as shown in Figure 6.

Figure 7 shows the changes in the average annual
temperature and rainfall before and after bias correction
of the future-projected data to the IMD observed data.
The difference between the average annual temperatures

during the baseline period (1980–2010) was negligible:
27.1�C for the IMD data and 27.4�C (Q0), 27.4�C
(Q1) and 27.2�C (Q14) for the predicted climate data
(Figure 7a). Similarly, the projected average annual rain-
fall was slightly (3–12%) greater than the observed histor-
ical rainfall, indicating no significant differences in the
data (Figure 7b). The average annual rainfall during the

FIGURE 6 A framework of model set-up and processes for analysing the impact of climate change and anthropogenic activity on

catchment hydrology.

FIGURE 7 Comparison of the Q0,

Q1 and Q14 climate projections before

(R) and after bias correction (C) using

the observed IMD data: (a) and

(b) average annual temperature and

rainfall data for the period 1980–2010,
and (c) and (d) average annual

temperature and rainfall data for the

period 2011–2098. The lower whisker
indicates minimum rainfall (excluding

outliers), and the upper whisker

indicates maximum rainfall (excluding

outliers).
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baseline period from the projected data was 790 mm
(Q0), 791 mm (Q1) and 786 mm (Q14), while it was
803 mm from the observed average annual rainfall (IMD)
data (Tables 3 and 4 and Figure 7). Overall, during the
baseline period, the bias-corrected average annual tem-
perature and rainfall (bias-corrected Q0, Q1 and Q14)
showed good agreement with the observed data
(Figures 7c, d). There are very few differences in the
mean annual temperature and rainfall between the
observed and corrected data. Therefore, bias-corrected
data from 1980 to 2098 were used as inputs to the modi-
fied SWAT model to maintain consistency and compati-
bility and to compare the impacts of climate changes
from the baseline to the early–middle–end centuries for
each climate projection (Q0, Q1 and Q14).

Model simulations for three time slices of three future
climate projections are compared to their baseline
periods. In all cases, a continuous significant increasing
trend of 0.6–0.9�C in mean annual temperatures was
observed by the end of the century relative to their base-
line (for the early, middle and end time slices: 0.7, 1.3
and 1.9�C for Q0; 0.6, 1.7 and 2.4�C for Q1; and 0.9, 1.9
and 2.6�C for Q14), as shown in Table 3. However, the
average annual rainfall in the early, middle and end cen-
turies differed from the baseline in each climate projec-
tion. In the Q0 climate projection, a continuous
increasing trend in the average annual rainfall is
observed from the beginning to the end of the century

(0.3% (early), 25.2% (middle) and 20.1% (end)). In con-
trast, in the Q1 climate projection, the average annual
rainfall increased by 3.3% in the early century and
decreased by 12.4% (middle) and 8.1% (end) by the end of
the century. In the Q14 climate projection, the average
annual rainfall increased by 11.8% (early), 7.4% (middle)
and 14.0% (end) compared to that in the baseline period
(Table 4 and Figure 8).

4.2 | Seasonal variation in climate data

Seasonal and monthly climate data were analysed to
understand their variations in each climate projection.
Towards the end of the century, the maximum monthly
rainfall was observed to shift from August to September
(Figure 9). From the baseline period to the early century,
August was recorded as the month with maximum rain-
fall in all climate projections (except for 60 mm higher
rainfall in Q14 than in the other climate projections). In
the middle century, increases in rainfall in August of 43%
(247 mm) and 30% (224 mm) were observed in both the
Q0 and Q14 projections, respectively. However, during
the end of the century, an increase in rainfall was
observed in all monsoon months (June, July, August and
September, JJAS) in the Q0 projections, and it was also
observed that the maximum rainfall in the season clearly
shifted from August to September (Figure 9). The

TABLE 3 The average annual temperatures (�C) according to the IMD (India Meteorological Department) (observed) and PRECIS

(Providing Regional Climates for Impact Studies) raw and bias-corrected (Cor.) data for different time slices. (Note: Obs. is observed; Diff.

means difference.)

Tavg Obs. Q0 Raw Q0 Cor. Q0 Diff. Q1 Raw Q1 Cor. Q1 Diff. Q14 Raw Q14 Cor. Q14 Diff.

1961–1990 27.10

1980–2010 26.28 27.35 27.42 27.35 26.87 27.18

2011–2040 27.44 28.06 0.7 27.95 27.90 0.6 28.04 28.05 0.9

2041–2070 28.59 28.63 1.3 29.47 29.04 1.7 29.59 29.09 1.9

2071–2098 29.63 29.27 1.9 30.50 29.76 2.4 30.50 29.79 2.6

TABLE 4 The average annual rainfall (mm) of the IMD (India Meteorological Department) (observed) and PRECIS (Providing Regional

Climates for Impact Studies) raw and bias-corrected (Cor.) data for different time slices. (Note: Obs. is observed; Diff. means difference.)

Median
values Obs. Q0 Raw Q0 Cor. Q0 Diff. Q1 Raw Q1 Cor. Q1 Diff. Q14 Raw Q14 Cor. Q14 Diff.

1961–1990 803

1980–2010 634 790 398 791 702 786

2011–2040 614 792 2(0.3%) 470 817 26(3.3%) 754 879 93 (11.8%)

2041–2070 721 989 199 (25.2%) 361 693 �98(�12.4%) 722 844 58(7.4%)

2071–2098 749 948 158 (20.0%) 401 727 �64(�8.1%) 704 896 110 (14.0%)

14 NUNE ET AL.
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projected future mean surface temperatures are observed
to increase significantly compared to the baseline at all
time points in all three climate projections. However, no
major shifts in the seasonal temperature from the average
monthly temperature were observed (Figure 9).

4.3 | Hydrological impacts due to
climate and anthropogenic changes

The scenarios discussed in the model validation
section are the scenarios used to validate the simulations
of the modified SWAT model against observed historical
streamflow and groundwater resources. On the other
hand, the scenarios included in this section are meant to
evaluate how future modifications would affect the
hydrology of the HS catchment.

4.3.1 | Baseline period (1980–2010)

To analyse the impacts of future climate and anthropo-
genic changes, the baseline period of each climate projec-
tion from 1980 to 2010 was selected as the base for
comparing hydrological changes in their future time
slices instead of the observed historical data. That is, the
average annual values of all hydrological processes for
each time slice (early, middle and end century) in each
climate projection (Q0, Q1 and Q14 simulations) were
compared with their corresponding baseline period
values. For detailed analysis, the average annual rainfall
of each time slice is partitioned into the following water
balance components: average annual streamflow
(SF = surface runoff + base-flow), average annual actual
evapotranspiration (AEt), average annual change in
groundwater storage (CGWS) and average annual change

FIGURE 8 Mean and extreme

values of average annual temperature

before and after bias correction for all

three time slices and climate projections.

The lower whisker indicates minimum

temperatures (excluding outliers), and

the upper whisker indicates maximum

temperatures (excluding outliers).
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in other stores (CHANGES, changes in sum of stores in
reservoirs, hydrological water-harvesting structures,
depressions and soil). Table 5 indicates the percentage
change in water balance components during each time
slice for each climate projection.

During the baseline period, major changes in hydro-
logical responses were detected only in SF and AEt in all
three climate projections (Q0, Q1 and Q14). The average
annual rainfall RF (15–21%) is partitioned into SF (19.1,
14.7 and 21.3%; surface runoff: 7.0, 6.8 and 7.4%; and base
flows: 12.1, 7.9 and 13.9%) and 79–84% AEt (79.7, 84.4 and
77.6%) for Q0, Q1 and Q14, respectively. However, no
changes in groundwater storage (CGWS) or water storage
structures (CHANGES) were observed during the baseline
period. The proportions of water balance components at
different time slices of each climate projection for both the
climate change scenario and the combined climate and

catchment change scenario are given in Table 5. The fol-
lowing sections compare the hydrological impacts of cli-
mate and catchment changes in the HS catchment for
each climate projection for different time slices.

4.3.2 | Early-century (2011–2040)

Scenario 1 Impact of climate change
During the early century, although the average annual
rainfall was different, the average annual temperature
increased by 0.7�C under all three climate projections.
Compared to the baseline period, the average annual
rainfall showed no significant changes in Q0 (0.3%), but a
marginal increase was observed in Q1 (3.3%) and Q14
(11.8%) during the early century. In the Q0 climate pro-
jection, streamflow (SF) decreased by 13.1%, and actual

FIGURE 9 Seasonality of mean

monthly rainfall and temperatures for

three time slices for three climate

projections compared with IMD-

observed data (1961–2006).
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evapotranspiration (AEt) increased by 3.4%, despite no
significant change in average annual rainfall, indicating
temporal and quantitative changes in rainfall. In the Q1
and Q14 climate projections, due to the increase in rain-
fall, streamflow (SF) increased by 8.2 and 16.4%, respec-
tively, and actual evapotranspiration (AEt) decreased
slightly by 4.8% (Q14). Overall, in the early century, due
to climate change alone, streamflow may change from
�13.1 to +16.4%, and actual evapotranspiration may
change from �4.7 to +3.4%, but no significant changes in
groundwater storage or water storage structures are
observed under all climatic conditions (Figures 10–12).

Scenario 2 Impact of combined climate and catchment
changes
Due to climate and catchment changes, in the early cen-
tury, streamflow decreased significantly from 47.2 to
53.0%, and actual evapotranspiration increased from 18.7
to 23.0%. However, despite no significant change in
catchment stores, a slight decrease in groundwater

storage is observed in all the Q0 (from �1.0 to �9.1%,
71 mm storage or 3.6 m level), Q1 (from �1.2 to �12.8%,
106 mm or 5.3 m) and Q14 (from �1.0 to �2.0%, 18 mm
or 0.9 m) projections (Table 5, Figures 10–12).

4.3.3 | Middle century (2041–2070)

Scenario 1 Impact of climate change
Compared to the baseline period, during the middle cen-
tury, the average annual temperature increased more
than that in the early century in all climate projections
(Q0: +1.3�C, Q1: +1.7�C and Q14: +1.9�C), and the aver-
age annual rainfall RF changed from �12.4 to 25.2% (Q1:
�12.4%; Q0: +25.2% and Q14: +7.4%). The change in
rainfall exhibited a similar change in streamflow
(SF) into the HS reservoir (Q1: �40.8%; Q0: 60.2% and
Q14: 26.8%), and these changes were offset by changes in
actual evapotranspiration (AEt) in all climate projections
(Q0: �14.6%, Q1: +7.8% and Q14: �7.7%). Overall,

TABLE 5 The average annual rainfall and its key proportions (percentages) for each time slice off the climate projection under only

climate change (surf. Runoff = surface).

% of RF WBC
Baseline

Only climate change Climate and anthropogenic changes

1980–2010 2011–2040 2041–2070 2071–2098 2011–2040 2041–2070 2071–2098

Q0 RF (mm) 790 792 989 948 792 989 948

SF (%) 19.1 16.6 30.6 29.6 7.8 8.7 9.2

Surf. Runoff (%) 7.0 5.8 10.7 12.0 4.2 8.0 9.2

Base Flow (%) 12.1 10.8 19.9 17.6 3.6 0.7 0.0

AEt (%) 79.7 82.4 68.1 68.6 99.1 92.4 102.4

CGWS (%) �1.1 �1.0 �0.9 �0.5 �9.1 �3.1 �13.4

CHANGES (%) 2.3 2.0 2.2 2.3 2.2 2.0 1.8

Q1 RF (mm) 791 817 693 727 817 693 727

SF (%) 14.7 15.9 8.7 10.6 8.4 4.4 5.1

Surf. Runoff (%) 6.8 6.6 6.1 7.6 5.0 4.4 5.1

Base Flow (%) 7.9 9.3 2.6 3.0 3.4 0.0 0.0

AEt (%) 84.4 83.4 91.0 87.1 102.6 136.6 141.1

CGWS (%) �0.8 �1.2 �1.1 1.0 �12.8 �42.7 �47.9

CHANGES (%) 1.7 1.9 1.4 1.3 1.8 1.7 1.7

Q14 RF (mm) 786 879 844 896 879 844 896

SF (%) 21.3 24.8 27.0 20.7 11.9 6.9 5.3

Surf. Runoff (%) 7.4 7.9 9.3 7.9 6.3 6.3 5.3

Base Flow (%) 13.9 16.9 17.7 12.8 5.6 0.6 0.0

AEt (%) 77.6 73.9 71.6 77.8 87.7 102.0 110.3

CGWS (%) �0.9 �1.0 �0.8 �0.6 �2.0 �10.6 �17.2

CHANGES (mm) 2.0 2.3 2.2 2.1 2.4 1.7 1.6

Note: RF = rainfall, SF = stream flow, Surf. Runoff = surface runoff, AEt = actual evapotranspiration, CGWS = changes in groundwater storage,
CHANGES = water storage structures, and WBC = water balance components.
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during the middle century, the HS streamflow could
change by �40.8 to 60.2%, and the catchment evapotrans-
piration could change by �14.6 to +7.8% due to climate
change (Figures 10, 12). However, due to climate change,
significant changes in groundwater storage (CGWS) and
water storage structures (CHANGES) in the HS catch-
ment were not observed (Figure 11).

Scenario 2 Impact of combined climate and
anthropogenic changes
During the middle century, due to climate and anthropo-
genic changes in the HS catchment, compared to the cli-
mate change scenario, streamflow (SF) into the HS
reservoir decreased significantly from �49 to �74% (Q0:

�71.6%, Q1: �49.4% and Q14: �74.4%), AEt increased by
35.7, 50.1 and 42.5%, and changes in groundwater storage
(CGWS) decreased from 3.1 to 42.7% (Q0: from �1.0 to
�3.1%, 30 mm storage or 1.5 m level, Q1: from �1.2 to
�42.7%, 298 mm or 15 m and Q14: from �1.0 to �10.6%,
93 mm or 4.6 m) in all the climate projections, as shown
in Table 5.

4.3.4 | End century (2071–2098)

By the end of the century, compared to their baseline
periods, the average annual temperature is expected to
increase by 2.3�C, and the average annual rainfall varies

FIGURE 10 Streamflow in all time

slices and climate projections. The left

column shows the Himayat Sagar

streamflow due to only climate change,

and the right column shows the

streamflow due to climate and

anthropogenic changes.
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from �8.1 to 20.0% (Q0: +20.0%, Q14: +14.0% and Q1:
�8.1%) in the three (Q0, Q1 and Q14) projections.

Scenario 1 Impact of climate change
Due to climate change alone, the average annual stream-
flow (SF) during the end of the century varied from �27.9
to 55.0% (Q14: �2.8%, no change, Q1: �27.9% and Q0:
55.0%). The observed change in HS streamflow (SF) was
offset by changes in other hydrological components, such
as AEt (Q0: �13.9%; Q1: 3.2%; Q14: 0.3%, no change),
CWGS (Q0: from �1.1 to �0.5%, no change; Q1: from
�0.8 to +1.0%, increased by 15 mm; Q14: from �0.9 to
�0.6%, no change) and CHANGES, in the stores (Q0: no
changes; Q1: decreased by 7 mm; Q14: no change).

Scenario 2 Impact of combined climate and
anthropogenic changes
Due to both climate and anthropogenic changes, stream-
flow (SF) decreases significantly in all climate projections
during the end of the century (Q0: �68.9%, 194 mm; Q1:
�51.9%, 38 mm; and Q14: �74.4%, 138 mm), as observed
in the middle century. Consequently, due to climate and
anthropogenic changes in the HS catchment, during the
end of the century, AEt increased from 41.8 to 62.0% (Q0:
49.3%, Q1: 62.0% and Q14: 41.8%), while changes in
groundwater storage (CGWS) decreased between 6 m and
17 m (Q0: �123 mm or 6 m; Q1: �349 mm or 17 m
and Q14–152 mm or 7.5 m), and CHANGES in the stores
decreased by 8 mm (Q1).

FIGURE 11 Groundwater storage

in time slices and climate projections.

The left column shows changes in the

Himayat Sagar groundwater storage due

to climate change alone, and the right

column shows changes in groundwater

storage due to climate and

anthropogenic changes.
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5 | DISCUSSION

Using historical long-term data, several studies have pre-
viously discussed climate change and its impact on catch-
ment hydrology at different time scales. For example,
historical data indicated an increase in temperature of
approximately 0.2�C from 1950 to 1980 and 0.7�C from
1986 to 2000, which accounted for a decrease in runoff
and an increase in actual evapotranspiration in various
subcatchments of the basin (Afzal et al., 2020; Afzal &
Ragab, 2020b; Bouwer et al., 2006). Similar changes in
the future have also been identified by several studies
conducted at the regional and Indian subcontinental
levels using different climate models. For example, a
study at the Indian subcontinent scale predicted an

increase in the average temperature of 3–6�C by the end
of the century (higher temperatures in the north than in
the south) (Kumar et al., 1994; Kumar et al., 2004; Lal
et al., 1995).

In this study, the potential impacts of future climate
and anthropogenic changes on catchment hydrology are
examined. For this purpose, the calibrated and validated
modified SWAT model is forced with bias-corrected PRE-
CIS future climate projection data (Q0, Q1 and Q14) and
predicted anthropogenic changes in the catchment.
Model results are analysed to assess the individual and
combined impacts of climate change and anthropogenic
catchment changes on the hydrology of the HS catch-
ment. We simulated two scenarios: first, keeping the
observed catchment changes constant before the baseline

FIGURE 12 Actual

evapotranspiration in all time slices and

climate projections. The left column

shows changes in AEt due to climate

change alone, and the right column

shows changes in AEt due to climate

and anthropogenic changes.
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(2010) period and changing only the climate, as in all
future climate projections. The second scenario estimates
the impact of anthropogenic changes occurring in the HS
catchment in the future up to 2099.

5.1 | Comparison of climate and
catchment change impacts

The results indicate that although the mean surface tem-
perature will increase continuously (0.7–2.3 �C) in the
future, its impact on SF and AEt will be small when
the annual rainfall is greater than the average annual
rainfall. Compared to the baseline period, the data indi-
cate that the average monthly rainfall will change
between �20 and 23% in the future (4 and 9% during the
early century, �8 to 23% during the middle century and
from �20 to 6% at the end of the century). By the end of
the century, it was also observed that the maximum
monthly rainfall (i.e. the month with the highest rainfall
in a year) shifted from August to September. Lal et al.
(2001) and Mall (2006) noted a 5–25% increase in average
annual rainfall and greater variability in the onset of the
Indian monsoon season by the end of the century.

Considering only the impact of future climate change,
it can be observed that the streamflow becomes stronger
according to the average annual rainfall (rainfall–runoff
ratios changed from 9 to 31%) in the catchment, as shown
in Figure 13a. However, when catchment changes are
considered along with climate change, the rainfall–runoff
ratios decrease drastically between 4 and 12%, as shown
in Figure 13b (Afzal & Ragab, 2019). The contribution of
base flow to streamflow will likely play a key role in the
future. When only climate change was considered,
the contribution of base flow to streamflow was signifi-
cantly greater for both low (20–30%) and high (60–70%)
rainfall events. Moreover, the base flow contribution is
greater than the surface flow contribution when the
annual rainfall exceeds 20% of the base case scenario.
However, due to both climate and anthropogenic
changes, the base flow contribution to streamflow was
found to decrease by �70% and may even approach zero
in the future. In the HS catchment, potential evapotrans-
piration may decrease in the future, as shown in
Figures 13c, d. In only the climate change scenario may
the actual evapotranspiration (AEt) change according to
the annual rainfall of that year. However, when catch-
ment changes are included, especially due to an increase
in irrigation area of 100 ha in each time slice, AEt
increases (more than 13% for every time slice) despite
higher rainfall in the future. The streamflow into the HS
reservoir will also be greatly affected by the combination
of climate and catchment changes in the future.

Details of future hydrological changes due to individ-
ual and combined climate and anthropogenic influences
compared to those in the baseline period are shown in
Figure 14. As the irrigated area is predicted to increase
in the future, the irrigation requirements are expected to
increase in each time slice. The irrigation requirements
were found to increase at rates of 3, 5 and 7 times (early
century: 195–205 mm; middle century: 366–461 mm; and
end century: 437–543 mm) compared to those in the base-
line period if the same land use trend continues in the
future. This greatly affected groundwater storage, which
was reduced by 3, 7 and 10 m in the HS catchment in the
early, middle and end centuries, respectively. Due to the
increased capacities of water storage structures in the
future resulting from the implementation of different gov-
ernment watershed programmes, the impact of these
structures on streamflow was found to be negligible in wet
rainfall (>1.25% of average annual rainfall) years but
slightly greater during dry rainfall (<75% of average
annual rainfall) years. It was predicted that these struc-
tures help to store excess runoff (3 mm) and control the
damage of high flood events, but streamflow into the HS
reservoir is reduced by 8 mm during dry rainfall years.
The baseflow contribution to the streamflow becomes zero
by the end of the early century (2040), which indicates
that the irrigated area in the HS catchment should not
increase beyond 100 ha in the future. Overall, the model
results strongly suggest that these catchment changes will
lead to greater stress on both streamflow and groundwater
storage during dry and normal rainfall years in the HS
catchment in the future, as observed in many other catch-
ments (Figure 14) (Afzal & Ragab, 2020a).

Three overall inferences can be drawn from the above
discussion. First, catchment changes are projected to have
greater impacts than climate change if the scenarios are
considered. Second, the influence of annual rainfall on HS
streamflow (decreases) and evapotranspiration (increases)
weakens when catchment changes are incorporated into
the projections (Figures 13 b, d). Third, in all climate pro-
jections (Q0, Q1 and Q14) and in all three time slices, the
water balance components are more sensitive to changes
in annual rainfall and temporal variability of monthly
rainfall than to changes in average annual temperature.

5.2 | Uncertainties in climate change
projections

It is well known that projections of future emissions con-
tain inherent uncertainties in the assumptions and their
relationships to population, socio-economic development
and technological changes that underpin the IPCC emis-
sion scenarios (Morita et al., 2000). In addition to
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FIGURE 13 Relating the

average annual rainfall to

streamflow: (a) due to only climate

change; (b) due to both climate and

anthropogenic changes; to potential

and actual evapotranspiration;

(c) due to only climate change; and

(d) due to both climate and

anthropogenic changes.

FIGURE 14 Percentage changes

from the baseline in streamflow,

evapotranspiration and groundwater

storage in the Himayat Sagar catchment

in the future. TS1/2/3 indicate the near-

century/middle-century/end-century

periods, respectively, and LC1/2/3

indicate the 100/200/285 km2 increase

in the irrigated area, respectively (along

with the other corresponding catchment

changes).
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uncertainty in future emissions, uncertainties in the con-
version of emissions into concentrations by global models
are added due to an incomplete understanding of some of
the key processes, the physics of the carbon cycle and
chemical reactions of the atmosphere (Jones et al., 2004).
In addition to the above uncertainties, the atmospheric
uncertainty of greenhouse gas concentrations needs to be
considered; for example, an increase in the atmospheric
concentration of CO2 from 300 to 600 ppm could increase
the surface temperature of the Earth by 5�C, while a
decrease in the CO2 concentration of 150 ppm could lead
to surface cooling. Therefore, it can be clearly understood
that there is uncertainty in the prediction of climate
models due to the representation of internal model
dynamics (Afzal & Ragab, 2019; Ragab et al., 2020).
Figure 14 clearly shows the uncertainty in future stream-
flow, actual evapotranspiration and groundwater storage
for different climate projections, particularly the Q1 and
Q14 simulations in the HS catchment.

6 | CONCLUSIONS

The HS catchment underwent many changes over the
study period. Therefore, the streamflow decreased, and the
groundwater level decreased. This study explored the
impact of potential future climate and catchment changes
on future hydrological processes in the HS catchment.
Future trends in catchment condition changes are
assumed to be a moderated version of what they have
been over the past three decades. This is particularly likely
if current policies on water and water tanks are main-
tained. Overall, it is clear that both climate and anthropo-
genic changes are important, and they tend to have
opposite influences, given the projections of increased
rainfall, water interception and usage, although there are
considerable differences in rainfall among the three cli-
mate projections. Nevertheless, unless current policies are
modified to stabilize land use and water abstraction,
anthropogenic change is likely to be more important than
climate change (Gosling & Arnell, 2016; Haddeland
et al., 2014). Climate change could provide some buffer in
the future with increased rainfall. If climate and anthropo-
genic changes are not modelled properly using a coupled
model, inaccurate recommendations for water harvesting
and agricultural expansion may occur.
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