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Spatiotemporal variations of
surface and groundwater
interactions under climate and
land use land cover change
scenarios

Kotapati Narayana Loukika?!, Venkata Reddy Keesara?,
Eswar Sai Buri! and Venkataramana Sridhar?*

!Department of Civil Engineering, National Institute of Technology Warangal, Warangal, India,
2Department of Biological Systems Engineering, Virginia Polytechnic Institute and State University,
Blacksburg, VA, United States

The behaviour of water between the surface and subsurface is a dynamic and
intricate process, involving a complex interplay between surface water and
groundwater. This interaction is vital for supporting ecosystems, providing water
supplies, and ensuring the sustainable use of water resources. Disruptions in
these interactions, such as over-extraction, reduced streamflow, and the impacts
of climate change, contribute to water scarcity. An integrated management of
surface and groundwater resources is crucial for addressing these challenges
and ensuring the long-term availability and sustainability of water supplies. In this
study, the spatiotemporal variations of surface and groundwater interactions were
analysed using integrated SWAT and MODFLOW model using QSWATMOD plugin
in QGIS software. The surface and groundwater interactions were analysed for
future periods under climate and land use land cover (LULC) change scenarios.
Pre-monsoon, monsoon, post-monsoon kharif, and post-monsoon rabi seasons
are considered for analysing the surface and groundwater interactions. The future
LULCs are projected using the DynaCLUE model for three user-defined scenarios
such as past trend (scenario 1), drastic change in built-up and barren land (scenario
2), and restricted agricultural land (scenario 3). For projecting the interactions
under both changing climate and LULC, LULC scenario 1 was used for near-future
period, LULC scenario 2 for mid-future period, and LULC scenario 3 for far future
period. Under the climate change scenario, the maximum groundwater recharge
under SSP5-8.5 scenario is observed to be 20,805 m*/day in the near future, and
the maximum discharge under SSP2-4.5 scenario is observed as 9,035 m®/day
in the mid-future period. In both climate change and combined scenarios (both
climate and user-defined LULC), there was a greater recharge of groundwater
during the monsoon season relative to other seasons, while there was a greater
discharge of groundwater during the post-monsoon rabi season. In the combined
scenarios, the maximum discharge was under SSP5-8.5 with 15,009 m*/day in the
mid-future, and the groundwater recharge was greater in the near future period
under SSP3-7.0 with 19,556 m?®/day. The groundwater—surface water interactions
were analysed in four seasons, out of which monsoon season had the maximum
recharge and groundwater discharge was more in the post-monsoon rabi season.
The results found in this study’ can be used to plan and develop short-and long-
term integrated surface and groundwater management strategies of the basin
under changing climate and LULC.
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Introduction

Water behaviour between the surface and subsurface is a dynamic
and intricate process that involves a complex interplay between
surface water and groundwater (Sridhar et al., 2018; Taie Semiromi
and Koch, 2019; Aliyari et al., 2019; Yifru et al., 2020). Surface water,
such as rivers, lakes, and wetlands, plays a crucial role in recharging
groundwater through infiltration. Conversely, groundwater also
contributes to surface water availability by seeping out and discharging
into rivers, lakes, and other surface water bodies. This groundwater
discharge sustains streamflow, particularly during dry periods when
surface water alone may be insufficient to maintain flow. This
interaction between surface and groundwater is vital for supporting
ecosystems, providing water supplies, and ensuring the sustained
usage of water resources (Sabzzadeh and Shourian, 2020 Jia et al.,
2021; Nugraha et al., 2021). The increasing scarcity of water is closely
intertwined with groundwater—surface water interactions (Kang et al.,
2022). Disruptions in these interactions, such as over-extraction,
reduced streamflow, and climate change impacts, contribute to water
scarcity (Shrestha et al., 2016). An integrated management of
groundwater and surface water resources is crucial for addressing
water scarcity challenges.

The groundwater-surface water interactions is another major
interest for the groundwater modellers to get accurate flow dynamics
in the subsurface (Haque et al., 2021; Chang and Chung, 2021). As the
hydrological model works on the water balance equation, which
cumulates all the processes in the catchment, it leads to the
redundancy in the groundwater levels at the regional scale. Therefore,
at regional scale, a hydrological model should be coupled with another
subsurface model to get precise groundwater levels (Kang and Sridhar,
2019). However, many authors are facing challenges in the integrated
models regarding data scarcity at the regional scale (Sridhar et al,,
2019; Satish Kumar et al.,, 2021). The earlier versions of SWAT-
MODFLOW integrated models could not overcome the data scarcity
challenge in their coupling algorithms, which resulted in imprecise
results (Brunner and Simmons, 2012; Semenova and Beven, 2015).
This challenge is being overcome in upgraded SWAT-MODFLOW
model, which constructs the disaggregating hydrological response
units (DHRUs) by merging hydrological response units (HRUs) of the
SWAT model (Aouissi et al., 2016; Chen et al., 2023; Dakhlalla and
Parajuli, 2019) and MODFLOW grids of the MODFLOW (Bailey and
Park, 2019; Park et al., 2019; Gao et al.,, 2019). The upgraded version
takes the basic assumptions of Darcy’s law and introduces various
parameters to overcome the challenge associated with data scarcity.
SWAT-MODFLOW allows for interaction between the saturated
aquifer and channel reaches and can simulate the spatiotemporal
distribution of groundwater recharge rates, aquifer evapotranspiration,
and groundwater levels.

Yifruetal. (2020) assessed the performance of SWAT-MODFLOW
to explore the groundwater recharge in Han River watershed, Seoul
city, South Korea, and the results showed that it performed better than
the SWAT model, especially in PBIAS, at simulating streamflow. Taie
Semiromi and Koch (2019) developed a combined SWAT-
MODFLOW model by incorporating all the sensitive parameters and
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concluded that the current coupled surface-groundwater hydrological
model can be a useful tool for choosing appropriate proactive and
reactive actions to prevent such harmful consequences on the water
resources in a basin. Aliyari et al. (2019) investigated groundwater and
surface water interactions in the Iranian Basin to understand the
parameters that affect the model output and calibrated the sensitive
parameters that have an impact on both groundwater and
surface water.

Understanding the complex dynamics of groundwater systems is
crucial for effective water resource management (Chunn et al., 2019).
India has significant spatial and temporal variability in groundwater
resources due to variations in geology, climate, and land use patterns.
However, there remains a significant knowledge gap regarding the
dynamic interaction between surface and subsurface water to
understand the complete hydrologic cycle. This knowledge gap
hinders accurate assessments of groundwater availability,
sustainability, and the impacts of human activities and climate change
on groundwater resources at a basin scale. Therefore, there is a need
for a comprehensive investigation to characterise and quantify the
spatial and temporal variations in groundwater movements like
groundwater—surface water interactions in the basin. The interaction
between surface and groundwater has been widely studied using
various modelling approaches. This study employed the integrated
SWAT-MODFLOW  framework, through the

QSWATMOD plugin in QGIS, to analyse surface water-groundwater

implemented

interactions under changing climate and land use land cover (LULC)
scenarios. This approach was chosen for its ability to combine surface
hydrological processes (SWAT) with groundwater dynamics
(MODFLOW), enabling a comprehensive analysis of hydrological
feedback mechanisms under dynamic conditions. Compared to
standalone models, the integrated SWAT-MODFLOW framework
offers a robust and efficient representation of these interactions, with
the QSWATMOD plugin simplifying data transfer and reducing
computational complexity. Supported by prior studies demonstrating
its effectiveness across diverse basins, this approach was complemented
by the DynaCLUE model, which provides spatially explicit projections
LULC
hydrological simulations.

In the current study, the integrated SWAT-MODFLOW model,
which is available as QSWATMOD plugin is used to analyse the
spatiotemporal changes of groundwater-surface water interactions

of future changes, ensuring realistic inputs for

under climate LULC change scenarios. The interactions were analysed
in four seasons (monsoon, post-monsoon kharif, post-monsoon rabi,
and pre-monsoon). Addressing these challenges will provide essential
insights into the functioning and behaviour of groundwater systems,
enabling informed decision-making for sustainable groundwater
management, efficient water allocation, and the preservation of
ecosystem health.

Study area

The Munneru River is a tributary of Krishna River basin in India,
establishing itself as an autonomous sub-basin as depicted in Figure 1
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FIGURE 1
The location map of the study area.
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(Loukika et al., 2022; Buri et al., 2022), encompassing a total area of
10,392 km? spanning across the states of Andhra Pradesh and
Telangana. It exhibits varying elevations ranging from 20 m to 791 m,
while maintaining an average annual precipitation of 1,014 mm over
the preceding 119 years. Prominent water bodies encompass Wyra
reservoir, Lanka Sagar reservoir, Pakhal Lake, and Bhayyaram
Cheruvu. Red and black soils predominate in the region, supporting
agricultural practices focused on crops such as paddy, cotton, maize,
and chillies. Urban areas, particularly Khammam and Nandigama,
have witnessed significant LULC changes, notably the conversion of
barren areas to built-up areas. However, agricultural lands, forest
areas, and water bodies have shown minimal alteration. The rapid
urbanisation in Telangana and the development of Amaravati capital
region in Andhra Pradesh present challenges to water resources in the
basin. The river serves as a vital water source for both irrigation and
domestic needs. Approximately 77% of the basin’s total area is
cultivable, supporting a diverse range of crops, including rice, maize,
cotton, millet, sorghum, sugarcane, and various horticultural crops
(Setti et al., 2020a).

However, the increasing population has led to a heightened
demand for water, both domestically and industrially, thereby
straining water resources (Setti et al., 2020b). Cropland and irrigated
land dominate the watershed’s land use, with notable changes
including the conversion of barren land to built-up areas, cropland to
dryland, and urbanisation in key regions like Khammam and
Nandigama. Future climate and LULC changes may further stress
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water distribution, necessitating policy interventions for a sustainable
management of water resources in this basin.

Methodology

The methodology followed in the present is shown in Figure 2. The
surface water and groundwater interactions were analysed using
integrated SWAT and MODFLOW model using the QSWATMOD
plugin. The calibrated SWAT model was initially used as input for the
integrated model. MODFLOW model was created with initial boundary
conditions and aquifer parameters. After that, the SWAT and
MODFLOW files were linked. Initially the model was run for the
observed and historic periods and calibrated with observed groundwater
levels and discharge data. After the calibration, the model was run for
three future periods under climate change and LULC scenarios.

The scenario-based LULC maps were predicted using DynaCLUE
model for the years 2030, 2050, and 2080 (Loukika et al., 2023). In the
present study, three user-defined scenarios were projected. The first
one was based on the past trend followed in the study area (LULC
scenariol) and the second was rapid change in urbanisation, which
leads to an increase in barren land and a decrease in agriculture and
forest areas (LULC scenario2). The third scenario was based on the
restriction of agriculture land and other land use classes were
unrestricted for changes (LULC scenario3). The SWAT model was
calibrated and validated using SWATCUP for the period 1983-2017
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FIGURE 2

Analysis of surface and groundwater
interactions under
LULC and climate change scenarios in
QSWATMOD

Methodology flowchart for simulation of surface and groundwater flow interactions with SWAT-MODFLOW integrated model.

(Loukika et al., 2022). The streamflow was projected in three future
periods—near future (2025-2040), mid-future (2041-2070), and far
future (2071-2,100) under three SSP scenarios.

The spatiotemporal variations of groundwater and surface water
interactions under climate and LULC change scenarios using
QSWATMOD for four seasons, namely, pre-monsoon (April-June),
monsoon (July-September), post-monsoon kharif (October-
December), and post-monsoon rabi (January—March).

QSWATMOD

QSWATMOD is a QGIS-based graphic user interface (GUI)
plugin that enables the linkage of an existing SWAT model and a
MODFLOW model within a GIS environment, thus facilitating model
preparation and visualisation of results. The QSWATMOD model
involves three main steps: pre-processing, simulation, and post-
processing and the details of these steps are explained in below.

Pre-processing

The first step in the module is to import the SWAT “TxtInOut’ into
the QSWATMOD model. The HRUs, sub-basin, and river network
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shapefiles are then imported to the QGIS canvas. Once users provide
all SWAT model input files and shapefiles, MODFLOW options
become enabled. The plugin also provides a facility to create the
MODFLOW files like grid file, boundary shape file, and the aquifer
parameters such as hydraulic conductivity, aquifer thickness, specific
storage, and specific yield need to be assigned to the model. The
detailed aquifer properties present in the study area are given in
Table 1. The grid size was given as 2,500 x 2,500 m and after assigning
the all the parameters create the MODFLOW model into the specified
path. The preceding step involves assigning observation well shapefile
(Point shapefile) to the model. It can be created using the QGIS or
ArcGIS environment. There are a total of 33 observation wells present
in the study area. This shape file helps the model to distinguish
between observation well cells and river cells. After that, the model
starts the linking process, where the HRUs are disaggregated to create
DHRUs, which are then intersected with MODFLOW grid cells.
SWAT HRUs are initially divided into separate polygons in the GIS
environment, as they do not possess specific geographic locations.
Each polygon represents an individual HRU with a distinct geographic
position. To transfer the variables between SWAT and MODFLOW,
these DHRUs are subsequently intersected with MODFLOW grid
cells. Moreover, MODFLOW river cells, which estimate the volumetric
flow exchange rates between the aquifer and stream are estimated, are
also intersected with SWAT sub-basins. This intersection enables the
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TABLE 1 Details of aquifer layers and aquifer properties of the study area.

10.3389/frwa.2024.1516031

District Formation type Aquifers Thickness (m) = Transmissivity Specific Storativity
(m?/day) yield
Granite, gneiss, sandstone, Weathered zone 28.7
Khammam 1.5-212 2%
and shale Fracture zone 3-184 0.000001-0.001
Granite, gneiss, shale, Weathered zone 17.87
Mahabubabad ) 0.0824-43.3 2%
limestone Fracture zone 6-152 0.00006-0.001
Bhadradri Weathered zone 20 160
Shale 2%
Kothagudem Fracture zone 165 187 0.00001
Weathered zone 30
Warangal Gneiss 1-150 1-3%
Fracture zone 100 0.001-0.0345
Weathered zone 15
Jangoan Gneiss 0.19-22.1 2%
Fracture zone 163 0.0001
Weathered zone 35
Krishna Alluvium, Charnockite 1-200 2%
Fracture zone 200 4.84*107° to 1.06*10~*

accurate transfer of groundwater return flow rates to the appropriate
sub-basin stream within the SWAT model. This linking process creates
four major shape files of SWAT-MODFLOW, that is, DHRU to HRU
text file, DHRU to Grid text file, Grid to DHRU text file, and River to
Grid text file.

Simulation

The ‘Simulation” tab includes three frames: Simulation Period,
Configuration Settings, and Optional outputs for SWAT-MODFLOW
simulation. The value of groundwater delay (in days) is considered
from the SWAT model, which is given as 60 days. After selecting the
options, configuration settings were exported and simulation was run
for the specified periods.

Post-processing

The post-processing module is mainly used to visualise the output
results after the simulation. The three major processes involved are
plotting, mapping, and exporting. The major outputs associated with
the study are streamflow hydrograph and hydraulic heads and
visualisation of groundwater-surface water interactions. Once the
observation data for streamflow from 1985 to 2017 and groundwater
levels from 1996 to 2017 are provided in the formats “streamflow.obd”
and “modflow.obd,” objective function summary values such as
Percent Bias (PBIAS), Nash-Sutcliffe Efficiency (NSE), and the
coefficient of determination (R*) will be displayed.

Calibration of QSWATMOD

The goal of model calibration is to ensure the model can accurately
replicate field-measured heads and flows. This calibration is achieved
either through trial and error adjustments of aquifer parameters.
Calibration was performed using data from observation wells
monitored between 1996 and 2018 and stream discharge values from
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1985 to 2017. Through iterative trial and error adjustments, the
hydraulic conductivity, specific yield, specific storage values were
increased over several runs until the observed, and simulated water
levels matched. Model calibration involves adjusting the values of
input parameters to align with field conditions within acceptable
criteria. Once the model can reliably reproduce observed changes in
field conditions, it is ready for predicting future simulations.

Results and discussion

Calibration of QSWATMOD using
streamflow discharge and groundwater
levels

The model calibration is to verify that the model can accurately
replicate field-measured groundwater heads and flows. QSWATMOD
calibration was performed manually adjusting the aquifer parameters
such as hydraulic conductivity, specific yield, and specific storage by
trial and error.

Calibration was employed using the data collected from eight
observation wells monitored between 1996 and 2018 in the study
region. Through iterative trial and error calibration, the conductivity
values were incrementally adjusted over multiple runs until the
observed and simulated water levels matched. The simulated
streamflow discharge from QSWATMOD is shown in the Figure 3. The
R? NSE, and P-BIAS for the simulated discharge from QSWATMOD
were 0.87, 0.86, and —15.67, respectively. Figure 4 illustrates the
simulated average monthly groundwater levels (mbgl) for the eight
observation wells of the study area from the integrated SWAT and
MODFLOW model. The R* values for the observation wells are as
follows: Annapareddipalli (0.2), Gandampally (0.2), Sitarampuram
(0.0), Kesamudram (0.36), Kumavaram (0.19), Gampalagudem (0.3),
Ingurit (0.21), and Narsampaeta (0.19). From the simulated
groundwater levels of Annapareddipalli, the observed groundwater
levels show significant variability, with notable peaks and troughs,
particularly between 1996 and 2010. There are sharp declines and rises.
While the simulated levels generally follow a similar trend, they often

frontiersin.org


https://doi.org/10.3389/frwa.2024.1516031
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org

Loukika et al.

10.3389/frwa.2024.1516031

1200
Calibration

1000

800

600

400

Stream Discharge (m3/sec)

200

0

=== (Observed

FIGURE 3
Observed and simulated stream discharge for the period 1983-2017.
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differ in magnitude, especially around 2002 and 2008, where the
simulations underestimate the observed drops. The simulated data
consistently underestimates the observed values in Gandhampally and
fluctuates in both observed and simulated groundwater levels. The
observed data exhibits more pronounced peaks and troughs compared
to the simulated data, which remains relatively subdued. For
Sitarampuram, the observed groundwater levels exhibit significant
variability particularly in the years 1998, 2004, and 2016. The simulated
levels track the observed data to some extent but frequently miss the
sharper changes, displaying less extreme fluctuations. The observed
data from Kunavaram shows significant variability, with multiple
peaks and troughs, especially around 2000, 2010, and 2014. The
simulated data does not capture these sharp changes effectively,
showing a much smoother trend with lower amplitude fluctuations.
Groundwater levels exhibit significant variability in Ingurti, with
notable decreases observed in the years 2000, 2008, and 2012. After
these drops, there seems to be some recovery, but overall, the trend
indicates periods of significant groundwater depletion. Groundwater
levels show cyclical patterns with periods of decline and recovery in
Kesamudram. The pattern suggests a relatively stable but fluctuating
trend, possibly with a slight overall decline or stabilisation in recent
years. Groundwater levels in Narsampeta show a significant decline,
especially between 1996 and 2008, indicating that groundwater levels
are under more stress compared to other regions or parameters. The
groundwater levels in Gampalagudem indicate a relatively stable trend
with only slight variations over time.

The observed groundwater levels exhibit high variability with
sharp declines and recoveries, while the simulated levels tend to
underestimate these changes, presenting smoother trends with
less variability.

Groundwater—surface water interactions in
the observed period

After calibrating the integrated SWAT and MODFLOW model,
interactions were analysed for the observed period (1983-2017) across
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monsoon, post-monsoon kharif, post-monsoon rabi, and
pre-monsoon seasons, which are shown in Figure 5. The results show
distinct seasonal variations in recharge and discharge rates. During
the monsoon season, the highest recharge rate of 8,967 m*/day was
recorded, along with a discharge of 4,952 m?/day. In the post-monsoon
kharif season, the recharge reached 5,958 m*/day, while discharge
slightly exceeded it at 6,326 m*/day. The post-monsoon rabi season
had a recharge of 4,866 m*/day, with the highest discharge rate of
9,255 m*/day. The pre-monsoon season saw lower discharge levels at

3,980 m*/day, due to the declining groundwater levels.

Groundwater—surface water interactions
under climate change scenarios

The interactions between groundwater and surface water under
climate change scenarios were analysed by comparing them with the
historic period (1983-2014). The results were simulated for four
seasons such as monsoon, post-monsoon kharif, post-monsoon rabi,
and pre-monsoon.

Monsoon

The groundwater and surface water interactions for monsoon
season for three future periods under three different SSPs—SSP2-
4.5, SSP3-7.0, and SSP5-8.5—are shown in Figure 6. In the
monsoon season, the maximum groundwater recharge was
observed when compared with other seasons. For SSP2-4.5, when
compared with the historic period, the groundwater recharge was
increased by 172.11, 76.35, and 117.02% in near future, mid-future,
and far future periods. The groundwater recharge was increased by
224.40, 72.16, and 74.42% in near future, mid-future, and far future
periods for SSP3-7.0. Similarly, in SSP5-8.5, the groundwater
recharge was increased by 235.56, 81.73, and 126.24% in near
future, mid-future, and far future periods. The groundwater
discharge was decreased in future periods when compared with the
historic period. For near future period, it was decreased by 41.22,
42.19, and 53.63% under SSP2-4.5, SSP3-7.0, and SSP5-8.5
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FIGURE 4

Observed and simulated groundwater levels for the period 1996-2018.

scenarios. For mid-future period, groundwater discharge was  decreased by 18.76% under SSP2-4.5 and 18.51% under SSP5-8.5
decreased by 25.08, 26.65, and 23.06% under SSP2-4.5, SSP3-7.0,  scenario. There was a slight increase in discharge by 0.39% under
and SSP5-8.5 scenarios. Similarly, for the far future period, it was ~ SSP3-7.0.
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FIGURE 6
Groundwater and surface water interactions for monsoon: (A) near future; (B) mid-future; and (C) far future.
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FIGURE 7

Groundwater and surface water interactions for post-monsoon kharif: (A) near future; (B) mid-future; and (C) far future.

Post-monsoon kharif

Figure 7 illustrates groundwater and surface water interactions
for post-monsoon kharif for three future periods under SSPs: SSP2-
4.5, SSP3-7.0, and SSP5-8.5. The groundwater recharge was
increased in future periods compared with the historic period for
post-monsoon kharif season and the maximum recharge was
observed in SSP3-7.0 and SSP5-8.5 in near future period. For SSP2-
4.5, when compared with the historic period, the groundwater
recharge was increased by 18.73, 3.53, and 7.44% in near future,
mid-future, and far future periods. The groundwater recharge was
increased by 60.60, 7.32, and 0.34% in near future, mid-future, and
far future periods for SSP3-7.0. Similarly, in SSP5-8.5, the
groundwater recharge was increased by 76.12, 0.25, and 3.77% in
near future, mid-future, and far future periods. The groundwater
discharge was increased in SSP2-4.5 scenario in all three future
periods whereas for SSP3-7.0 and SSP5-8.5, it was decreased when
compared with the historic period. For the near future period, it
was increased by 3.14, 6.99, and 36.34% under SSP2-4.5, SSP3-7.0,
and SSP5-8.5 scenarios. For the mid-future period, groundwater
discharge was decreased by 1.07, 1.92, and 13.91% under SSP2-4.5,
SSP3-7.0, and SSP5-8.5 scenarios. Similarly, for far future period, it
was decreased by 3.76, 3.05, and 37.36% under SSP2-4.5, SSP3-7.0,
and SSP5-8.5 scenario.
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Post-monsoon rabi

Groundwater and surface water interactions for post-monsoon
rabi are shown in Figure 8 for three future periods under various SSPs:
SSP2-4.5, SSP3-7.0, and SSP5-8.5. The groundwater recharge increased
by 34.26, 38.96, and 39.48% in near future, mid-future, and far future
periods when compared with the historic period under the SSP2-4.5
scenario. The groundwater recharge was increased by 63.71, 34.10, and
32.03% in near future, mid-future, and far future periods for SSP3-7.0.
Similarly, in SSP5-8.5, the groundwater recharge was increased by
76.12, 0.25, and 3.77% in near future, mid-future, and far future
periods. The groundwater discharge was more in post-monsoon rabi
and the percentage change was moderate when compared with the
historic period. The groundwater discharge was decreased in near
future period by 21.93 and 0.58% in SSP2-4.5 and SSP3-7.0 and
increased by 15.82% in SSP5-8.5. For the mid-future period, it was
increased by 14.22% in SSP2-4.5 and decreased by 26.51 and 27.90%
in SSP3-7.0 and SSP5-8.5. For the far future period, it was increased
by 12.70 and 12.53% in SSP2-4.5 and SSP5-8.5 and decreased by
30.31% in SSP3-7.0.

Pre-monsoon

Groundwater and surface water interactions for pre-monsoon for
three future periods under varying SSPs (SSP2-4.5, SSP3-7.0, and
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FIGURE 8
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SSP5-8.5) are depicted in Figure 9. In the pre-monsoon season, both
groundwater recharge and discharge were lower compared to other
seasons. The percentage change in groundwater recharge and
discharge was high when compared to the historic period. The
groundwater recharge increased by 133.18, 109.53, and 90.64% in near
future, mid-future, and far future periods when compared with the
historic period under SSP2-4.5 scenario. The groundwater recharge
was increased by 133.00, 148.23, and 115.23% in the near future,
mid-future, and far future periods for SSP3-7.0. Similarly, in SSP5-8.5,
the groundwater recharge was increased by 136.57, 85.71, and 89.05%
in the near future, mid-future, and far future periods. The groundwater
discharge was decreased in near future period by 70.31, 46.74, and
41.14% under SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. For the
mid-future period, groundwater discharge was decreased by 44.47,
33.15, and 24.13% under SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios.
Similarly, for far future period, it was decreased by 41.14% and 10.59
under SSP2-4.5 and SSP5-8.5 scenarios and there was slight increase
in discharge by 5.74% under SSP3-7.0.

Table 2 represents the groundwater surface water interactions
under climate change scenarios for three future periods. Under the
SSP5-8.5 scenario, the highest recharge was observed during the
monsoon season, with 20,805 m*/day in the near future period. The
maximum discharge was observed in the post-monsoon rabi with
9,162 m*/day under SSP5-8.5 in the near future period. Groundwater
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and surface water interactions were lower in the pre-monsoon season
when compared with other seasons. The lowest recharge and discharge
were observed in pre-monsoon in all future periods. While there is a
noticeable trend towards greater groundwater discharge in the
mid-and far-future periods throughout all seasons, there is a slight
increase in groundwater recharge in the near future, especially during
the monsoon season.

Groundwater—surface water interactions
under both climate change and LULC
scenarios

The groundwater and surface water interactions under both
climate change and user defined LULC change scenarios were
discussed in this section. For projecting interaction under both
climate and LULC change, LULC scenariol was used for near future
period, LULC scenario 2 for mid-future, and LULC scenario3 for far
future period.

Monsoon

Figure 10 illustrates groundwater and surface water interactions
for the monsoon season for three future periods under both climate
change and LULC. The maximum groundwater recharge was observed
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FIGURE 9

Groundwater and surface water interactions for pre-monsoon season: (A) near future; (B) mid-future; and (C) far future.

in this season when compared with other seasons. For SSP2-4.5, when
compared with the historic period, the groundwater recharge was
increased by 183.88, 107.75, and 123.37% in the near future,
mid-future, and far future periods. The groundwater recharge was
increased by 215.41, 85.35, and 77.74% in near future, mid-future, and
far future periods for SSP3-7.0. Similarly, in SSP5-8.5, the groundwater
recharge was increased by 203.98, 94.40, and 78.40% in near future,
mid-future, and far future periods. The groundwater discharge was
decreased in future periods when compared with the historic period.
For near future period, it was decreased by 40.6 and 25.28% under
SSP2-4.5 and SSP5-8.5 scenarios and increased by 20.56% under
SSP3-7.0. For the mid-future period, groundwater discharge was
decreased by 40.82, 33.36, and 24.62% under SSP2-4.5, SSP3-7.0, and
SSP5-8.5 scenarios. Similarly, for the far future period, it was decreased
by 38.29, 31.28, and 19.99% under SSP2-4.5, SSP3-7.0 and
SSP5-8.5 scenario.

Post-monsoon kharif

Figure 11 illustrates groundwater and surface water interactions
for post-monsoon kharif under both climate change and LULC. The
groundwater recharge was increased in future periods compared with
the historic period for the post-monsoon kharif season and the
maximum recharge was observed in SSP3-7.0 and SSP5-8.5 in the
near future period. For SSP2-4.5, when compared with the historic
period, the groundwater recharge was increased by 72.77 and 2.51%
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in near future and mid-future and decreased by 1.51% in far future
period. The groundwater recharge was increased by 56.19, 5.71, and
4.48% in near future, mid-future, and far future periods for SSP3-7.0.
Similarly, in SSP5-8.5, the groundwater recharge was increased by
48.58, 6.95, and 3.57% in the near future, mid-future, and far future
periods. The groundwater discharge was increased in all three future
periods when compared with the historic period. For the near future
period, it was increased by 11.00, 33.89, and 19.89% under SSP2-4.5,
SSP3-7.0, and SSP5-8.5 scenarios. For the mid-future period,
groundwater discharge was increased by 12.55, 0.08, and 28.89%
under SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. Similarly, for the
far future period, it was increased by 51.25, 67.45, and 76.99% under
SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios.

Post-monsoon rabi

Figure 12 illustrates groundwater and surface water interactions
for post-monsoon rabi season under both climate change and LULC
scenarios. The groundwater recharge increased by 62.20, 35.32, and
20.67% in near future, mid-future, and far future periods when
compared with the historic period under the SSP2-4.5 scenario. The
groundwater recharge was increased by 69.02, 38.96, and 34.33% in
the near future, mid-future, and far future periods for SSP3-7.0.
Similarly, in SSP5-8.5, the groundwater recharge was increased by
62.74,41.39, and 31.65% in the near future, mid-future, and far future
periods. The groundwater discharge was more in post-monsoon rabi
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TABLE 2 Groundwater and surface water interactions (m3/day) under climate change scenarios for three future periods.

Historic (1983-2014) SSP Near future Mid-future (2041-2070) Far future (2071-2100)
(2025-2040)
16,871 10,934 13,455
SSP2-4.5
6,200 2,852 —3,635 —3,942
20,113 10,674 10,814
Monsoon SSP3-7.0
—2,805 —3,559 —4,871
—4,852 20,805 11,267 14,027
SSP5-8.5
2,250 -3,733 —3,954
6,983 6,089 6,319
SSP2-4.5
5,881 —6,047 6,273 ~7,994
Post-monsoon 9,446 6,312 5,901
) SSP3-7.0
kharif —5,800 —5,750 —5,047
—5,863 10,358 5,896 6,103
SSP5-8.5
—5,642 —5,684 —8,054
5,709 5,909 5,931
SSP2-4.5
4,252 —6,175 —9,035 -8,915
Post-monsoon 6,961 5,702 5,614
) SSP3-7.0
rabi ~7,864 -5,813 -5,512
—7,910 6,889 5,553 5,966
SSP5-8.5
-9,162 —5,703 —8,903
5,158 4,635 4217
SSP2-4.5
2,212 —1,059 —1,981 —2,100
5,154 5,491 4,761
Pre-monsoon SSP3-7.0
—1,900 2,385 -3,773
—3,568 5,233 4,108 4,182
SSP5-8.5
—2,100 —2,707 —3,190

Positive values indicate groundwater recharge and negative values indicate groundwater discharge.

and the percentage change was moderate when compared with the
historic period. The groundwater discharge was decreased in near
future period by 5.68% in SSP2-4.5 and increased by 31.17 and 49.50%
in SSP3-7.0 and SSP5-8.5 scenarios. For the mid-future period, it was
increased by 14.22, 64.42, and 89.74% in SSP2-4.5, SSP3-7.0, and
SSP5-8.5 scenarios. For the far future period, it was increased by 65.05,
28.14, and 50.59% in SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios.

Pre-monsoon

The groundwater and surface water interactions for pre-monsoon
under both climate change and LULC was shown in the Figure 13. In
the pre-monsoon season, both groundwater recharge and discharge
were lower compared to other seasons. The percentage change in
groundwater recharge and discharge was high when compared to the
historic period. The groundwater recharge increased by 114.01,
108.31, and 90.55% in the near future, mid-future, and far future
periods when compared with the historic period under the SSP2-4.5
scenario. The groundwater recharge was increased by 84.04, 124.41,
and 78.97% in the near future, mid-future, and far future periods for
SSP3-7.0. Similarly, in SSP5-8.5, the groundwater recharge was
increased by 98.41, 124.59, and 61.12% in the near future, mid-future,
and far future periods. The groundwater discharge was decreased in
near future period by 72.28, 57.95, and 53.53% under SSP2-4.5,
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SSP3-7.0, and SSP5-8.5 scenarios. For the mid-future period,
groundwater discharge was decreased by 25.84, 48.59, and 50% under
SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. Similarly, for the far
future period, it was decreased by 82.65, 69.92, and 21.32% under
SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios.

Table 3 represents the groundwater surface water interactions
under both climate change and LULC scenarios for three future
periods. In SSP3-7.0, there is a significant increase in positive
interaction values during the monsoon, indicating a higher recharge
rate of 19,556 m*/day in the near future period. The post-monsoon
rabi season shows a maximum discharge of 15,009 m*/day in the mid
future under SSP5-8.5. Groundwater and surface water interactions
were lower in the pre-monsoon season when compared with other
seasons. The lowest recharge and discharge were observed in
pre-monsoon in all future periods. While there is a noticeable trend
towards greater groundwater discharge in the mid-and far future
periods, throughout all the seasons, there is a slight increase in
groundwater recharge in the near future, especially during the
MONsoon season.

The entire study area is considered as one aquifer, and the
hydraulic conductivities of the river bed and the aquifer can be more
spatially refined to get the best results. The model-computed
groundwater—surface water interaction result can be improved by the
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FIGURE 10
Groundwater and surface water interactions for monsoon season under both LULC and climate change: (A) near future; (B) mid-future; and (C) far
future period.

validation of river aquifer interaction flow with field data/observations.
The resolution of input data (e.g., climate, LULC, and soil parameters)
can significantly influence model accuracy. Coarse spatial or temporal
resolutions may have limited the ability to capture localised or short-
term hydrological dynamics. The study’s reliance on predefined
climate scenarios (SSPs) and LULC scenarios introduce potential bias
in projecting future conditions. These scenarios may not fully
represent all possible variations, particularly unexpected land-use
changes or non-linear climatic shifts. While the models were calibrated
and validated for historical data, there is no direct validation for future
conditions. The extrapolation of results under changing climates and
LULC scenarios inherently involves uncertainties. Anthropogenic
factors such as groundwater extraction, irrigation practices, and policy
interventions were not explicitly modelled. These factors can
significantly influence surface and groundwater interactions.

Future studies should incorporate higher-resolution datasets for
climate, LULC, and soil properties to improve the accuracy of model
predictions. Conducting a comprehensive uncertainty analysis,
including sensitivity testing for key parameters, can provide a clearer
understanding of the robustness of the results. Future research should
integrate human activities, such as groundwater pumping and
land-use regulations, into the modelling framework to provide a more
holistic assessment. Establishing long-term monitoring programmes
can facilitate better validation of future projections and help refine
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models over time. Incorporating socioeconomic factors into LULC
and water management scenarios can provide a more comprehensive
view of future challenges and inform more actionable
recommendations. These findings provide critical insights for
developing integrated surface and groundwater management
strategies to ensure sustainable water resources under changing
climate and LULC conditions.

The findings have broader implications for environmental
protection and the sustainable management of water resources,
particularly in the context of climate change. Large watersheds are
particularly vulnerable to the effects of climate change due to alterations
in precipitation patterns, increased evapotranspiration, and the
intensification of extreme events. Studies suggest that changing
spatiotemporal precipitation patterns can reorganise river networks,
influencing surface-groundwater interactions and the hydrological
balance of entire basins (Abed-Elmdoust et al., 2016). For instance, the
redistribution of groundwater recharge may shift discharge zones,
impacting downstream water availability. Climate change also poses
challenges to watershed-scale water resource planning, necessitating
the identification of critical areas for hydrologic monitoring and
adaptive management strategies (Singhal et al., 2024). This study’s grid-
based groundwater discharge and recharge mapping can serve as a
baseline for monitoring climate-induced changes in water availability

and watershed health. For example, the construction of dams or other
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Groundwater and surface water interactions for post-monsoon Kharif under both LULC and climate change: (A) near future; (B) mid future; and (C) far
future period.
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FIGURE 12
Groundwater and surface water interactions for post-monsoon rabi under both LULC and climate change: (A) near future; (B) mid-future; and (C) far
future period.
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Groundwater and surface water interactions for pre-monsoon under both LULC and climate change: (A) near future; (B) mid-future; and (C) far future

hydrological modifications may exacerbate ecological degradation and
disrupt the connectivity of groundwater and surface water systems
(Gao et al,, 2022). By identifying hotspots of groundwater discharge
and recharge, this research enables more informed decision-making for
infrastructure placement and impact mitigation. Moreover, adapting
watershed management strategies to account for long-term climate
variability and anthropogenic pressures requires integrating insights
from climatology and hydrological modelling (Sarker, 2022). Proactive
planning, informed by this study, can help minimise the adverse effects
of climate change on water availability and ecosystem services.

Conclusion

The interactions between surface and groundwater were simulated
using the integrated SWAT and MODFOW model for the three future
periods and the observed conditions under the LULC and climate
change scenarios. The groundwater surface water interactions were
analysed in four seasons out of which monsoon season, has maximum
recharge and groundwater discharge was more in the post-monsoon
rabi season. In climate change scenario the maximum recharge was
observed in near future period under SSP5-8.5 scenario with 20,805 m?/
day and maximum discharge in near future under SSP5-8.5 scenario
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with 9,162 m*/day. For the combined scenario, the maximum recharge
rate was observed in SSP3-7.0 in the near future period with 19,556 m?/
day and maximum discharge in mid-future period under SSP5-8.5 with
15,009 m?*/day. In the monsoon season, the groundwater and surface
water interactions generally decrease from the near future to the far
future. However, scenarios that incorporate LULC changes tend to
exhibit more pronounced reductions compared to only climate change
scenarios. For example, SSP2-4.5 sees notable declines in mid-and far
future periods, particularly when LULC changes are factored in.
SSP3-7.0 and SSP5-8.5 follow similar trends, with initial higher values
in the near future but a steady decrease over time. In post-monsoon
kharif season, the interactions generally decline from the near future to
the far future across all SSP scenarios (SSP2-4.5, SSP3-7.0, and SSP5-
8.5). In SSP2-4.5, interactions decrease modestly without LULC
changes, but more sharply when LULC is factored in, particularly in the
far future where discharge reaches 8,868 m?/day. SSP3-7.0 follows a
similar pattern, with high values in the near future but significant
declines in the far future, especially when LULC changes cause
discharge to 9,818 m?/day. SSP5-8.5 shows the highest initial values, but
interactions also reduce notably over time, with LULC changes leading
to the steepest decline, hitting 10,377 m*/day by the far future.

The post-monsoon rabi season shows a general decline in
groundwater and surface water interactions across all SSP scenarios
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TABLE 3 Groundwater and surface water interactions (m?/day) under both climate change and LULC for three future periods.

Period/season Historic Near future Mid future Far future
(1983-2014) (2025-2040) (2041-2070) (2071-2100)
17,601 12,881 13,849
SSP2-4.5
6,200 —2,881 —5,850 —3,625
19,556 11,492 11,020
Monsoon SSP3-7.0
-2,871 —3,233 —3,657
—4,852 18,847 12,053 11,061
SSP5-8.5
—2,994 —3,334 —3,882
10,161 6,029 5,792
SSP2-4.5
5,881 —6,508 —6,599 —8,868
9,186 6,217 6,145
Post-monsoon kharif SSP3-7.0
—7,850 —5,868 -9,818
—5,863 8,738 6,290 6,091
SSP5-8.5
—6,912 —7,557 -10,377
6,897 5,754 5,131
SSP2-4.5
4,252 —7,460 -9,035 —13,056
7,187 5,909 5,712
Post-monsoon rabi SSP3-7.0
—10,376 —13,006 —10,136
-7,910 6,920 6,012 5,598
SSP5-8.5
—11,826 —15,009 —-11,912
4,734 4,608 4,215
SSP2-4.5
2,212 —989 —2,646 —619
4,071 4,964 3,959
Pre-monsoon SSP3-7.0
—1,500 —-1,834 —-1,073
—3,568 4,389 4,968 3,564
SSP5-8.5
—1,658 —-1,784 —-2,807

Positive values indicate groundwater recharge and negative values indicate groundwater discharge.

(SSP2-4.5, SSP3-7.0, and SSP5-8.5) from the near future to the far
future. Under SSP2-4.5, interactions rise modestly in the near future
but decrease significantly, particularly with LULC changes, where
discharge increases drastically, reaching 13,056 m*/day by the far
future. SSP3-7.0 shows similar trends, with discharge values
intensifying under LULC changes, hitting 13,006 m*/day by the
mid-future and 10,136 m*/day in the far future. SSP5-8.5 also exhibits
large reductions in interactions, with discharge values plummeting
under LULC changes, particularly in the far future, where it reaches
15,009 m?*/day. Overall, LULC changes exacerbate the reduction in
groundwater and surface water interactions, with sharp increases in
discharge rates across all scenarios and time periods.

The pre-monsoon data reveals that groundwater and surface water
interactions generally increase in the near future across all SSP scenarios
(SSP2-4.5, SSP3-7.0, and SSP5-8.5) but decline in the mid-and far
future periods. In SSP2-4.5, interactions rise in the near future
(5,158 m*/day) but drop in the far future, especially under LULC
changes, where discharge reaches 2,646 m’*/day. SSP3-7.0 shows more
variability, with interactions peaking in the mid-future scenario but
discharge increasing significantly in the far future under LULC changes,
reaching 3,773 m*/day. SSP5-8.5 follows a similar trend, with modest
gains in the near future but notable reductions in the mid-and far
future, where discharge under LULC changes hits 2,807 m’/day.
Overall, LULC changes exacerbate the reduction in interactions, leading
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to greater discharge, particularly in the far future across all scenarios.
In light of the projected LULC under climate change scenarios, the
study’s findings can be used to plan and develop short-term and long-
term integrated water management strategies for the basin.
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