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Abstract: Urban aquifers are experiencing increasing pressures from climate change, land-use change,
and abstraction, consequently, altering groundwater levels and threatening sustainable water avail-
ability, consumption, and utilization. Sustainability in such areas requires the adaptation of ground-
water resources to these stressors. Consequently, this research made projections about future climate,
land use, and abstraction, examines how these drives will affect groundwater levels, and then pro-
poses adaptation strategies to reduce the impact on Lahore’s groundwater resources. The objectives
are achieved using an integrated modeling framework involving applications of Soil Water Assess-
ment Tool (SWAT) and MODFLOW models. The results indicated a projected rise in Tmin by ~2.03 ◦C
and Tmax by ~1.13 ◦C by 2100 under medium (RCP 4.5) and high-end (RCP 8.5) scenarios, respectively.
Future precipitation changes for mid, near and far periods are projected to be −1.0%, 25%, and 24.5%
under RCP4.5, and −17.5%, 27.5%, and 29.0% under RCP8.5, respectively. The built-up area in the
Lahore division will dominate agricultural land in the future with an expansion from 965 m2 to
3716 km2 by the year 2100 under R1S1 (R2S2) land-use change scenarios (significant at p = 5%). The
future population of the Lahore division will increase from 6.4 M to 24.6 M (28.7 M) by the year
2100 under SSP1 (SSP3) scenarios (significant at p = 5%). Groundwater level in bult-up areas will
be projected to decline from 185 m to 125 m by 2100 due to increasing groundwater abstraction
and expansion in the impermeable surface under all scenarios. In contrast, agricultural areas show
a fluctuating trend with a slight increase in groundwater level due to decreasing abstraction and
multiple recharge sources under combined scenarios. The results of this study can be a way forward
for groundwater experts and related institutions to understand the potential situation of groundwater
resources in the Lahore division and implement adaptation strategies to counteract diminishing
groundwater resources.

Keywords: groundwater sustainability; impact assessment; climate change; adaptation strategies;
land use change; abstraction; SWAT; MODFLOW
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1. Introduction

Groundwater resources in megacities of the developing world are susceptible to over-
exploitation and other stresses [1]. The multiple interactive triggers such as climate change,
population, agriculture, and industry increase pressure on groundwater resources [2–6].
These pressures alter water table elevation and its temporal variations. Established litera-
ture highlights some areas in different regions around the world where human-induced
climate change, land-use change, and abstraction are altering the groundwater attributes
up to a level at which local systems are unable to cope with their negative impacts [7–10]
and thereby affecting the sustainability of groundwater reserves.

Lahore is a metropolitan city in Pakistan where groundwater is the dominant source
for domestic, agricultural, and industrial use. Due to overexploitation, Lahore is observing
a fast groundwater level recession in certain areas [4,11,12]. Historical analysis of the
climate reveals a rise in temperature in the region [13–16]. The available literature on
water use highlights that more than 75% of users in Lahore have access to the piped water
supply system (WSS) through direct connections. The estimated abstraction by users from
sources other than the Water and Sanitation Agency (WASA) represents ~30% of the water
consumed. Historical population records in Lahore show increasing trends from 6.3 M in
1998 to over 10 M at present. The city’s extensive growth has resulted in significant urban
development [17], resulting in a rapid rise in tube wells, abstraction rates, and an increase
in water table depth with time [11].

Although the groundwater system in Lahore is part of the groundwater reservoir
of the Indus basin, exploitation has formed a depression in the local groundwater table,
expanding east and southward. Ref. [4] studied the expansion of depression zones as a
function of change in groundwater depth during five consecutive years (2007–2011). The
results reveal an alarming situation in some areas where the water table has reached more
than 38 m since 2007. The findings depict a gradual expansion in depression to the east
and south directions due to an increase in the rate of abstraction and decreasing recharge.
A study by [11] discovered the worst situation in a few areas of Lahore city where the
water table lowered to about 45 m in depth. Synthesis of the existing literature highlights a
gap between investigating studies and policy institutions and the lack of (modeling-based)
studies on the integrated impact of multiple stresses (i.e., climate, land use, and abstraction).
A handful of studies covering quality aspects of the local groundwater resources are readily
available. However, quantity aspects are not fully covered [18–20]. Ref. [18] evaluated the
impact of past climate change and abstraction on groundwater resources of Lahore with a
focus on management issues. Ref. [20] used chemical, isotopes, and numerical techniques.
They identified types and sources of recharge for the Lahore aquifer and simulated the
impact of abstraction on groundwater levels up to 2019.

There are two basic techniques to groundwater modeling, the first of which is the
volume-based approach that makes use of direct groundwater monitoring data from
observational wells [21–23], while other one used physical-based hydrological models, e.g.,
3D groundwater flow modeling [24], semi- and fully distributed hydrological models [25]
and remotely assisted simple water balance models [2,25]. Volume based methods driven by
observational data are generally more accurate, however, uneven, and sparse distribution
of monitoring wells make this approach less useful particularly for Lahore study region.
Physical-based hydrological models and remotely driven water balance approaches on
other hand can be useful for data sparse regions to monitor the groundwater changes [24,25].
For instance, physical based models include the global scale hydrological model (GHMs:
e.g., PCRaster Global Water Balance (PCR-GLOBWB)) [26], and regional scale models
(e.g., Soil Water Assessment Tool (SWAT) [27], MODFLOW [28]). SWAT and MODFLOW
applications in surrounding areas of study region have well documented in previous
studies [2,29–33]. Most of the studies have employed modeling-based methodologies with
a focus on groundwater use. However, almost all of them have focused on agricultural
areas [2,25,33–37], while ignoring the impacts of Uran areas. A few other observation-based
and quantitative studies are also part of the literature that points out the continuously



Atmosphere 2022, 13, 2001 3 of 25

deteriorating situation associated with management issues in Lahore city in context of
historical records [4,38,39]. The literature is sufficient for understanding the severity
of the problem for current conditions. However, future changes in groundwater levels,
particularly in the urban and peri-urban areas of Lahore City, have not yet been investigated
in the context of projected climate change and human activities. To achieve sustainability
of the groundwater levels in an urban area, we need to develop a sound knowledge of the
situation for the future. Consequently, knowledge development could help in proposing a
concise groundwater management policy to guide structural and non-structural aspects.

Therefore, this study uses an integrated modeling framework consisted of SWAT and
MODFLOW applications to investigate the groundwater changes in context of projected
changes in climate change and anthropogenic drivers, e.g., land-use change, and abstraction
on the groundwater resources in the Lahore division. We further provided a proposed
formulation of a few adaptation options to counteract diminishing groundwater resources.

2. Materials and Methods
2.1. Study Area

The study uses a modeling approach involving SWAT for hydrologic modeling and
MODFLOW for hydro-geologic modeling. Considering the different requirements of both
models, two segments of the study area were formulated. The geographical distribution of
the Ravi River basin (28,000 km2) comprises a 20% upstream area having rugged topog-
raphy. Mountains in the foothills of the Himalayas form the topography of the upstream
basin (4300 m above mean sea level (amsl)) that mostly remains covered with snow, while
80% of the basin area comprising the middle and downstream is plain. The Middle and
downstream areas of the basin are agricultural lands [14,40]. River Ravi is one of the major
tributaries of the Indus River. The river Ravi covers a total stretch of 720 km through the
basin from its origin in the Kailash Mountains and drains into the Chenab River in the
South-west area. Peek flows seasonally occur during monsoon months (July to Sept), while
the rest of the months observe low flows. The river Ravi basin has a semiarid-tropical
climate. Upstream areas receive heavier rainfall than downstream plain areas. The rainfall
season mostly shows bimodal patterns, November to January are the low rainfall months,
and July to September is heavy rainfall. The annual rainfall in the basin varies from 300 to
1200 mm, and mean temperature changes between 8 to 40 ◦C.

Lahore division lies between latitude 31◦15′ N and 31◦42′ N, longitude 74◦01′ E and
74◦39′ E and comprises of an area around 6800 km2, covers four districts such as Lahore,
Sheikhupura, Kasur, and Nankana Sahib. Geographically, the Lahore division has a plane
topography that changes from 200 to 210 m amsl and a general slope of 1:3000 towards
the south and southwest. Based on the latest census Lahore division is home to over 19.4
million population. Groundwater is the dominant source of water supply for domestic
(95%) and agriculture (39%) consumption. The Lahore division aquifer majorly comprises
unconsolidated alluvial complexes. Silt, sand, and clay in varying proportions are the
main constituents of the alluvial complex. These constituents consolidate to form a thick
sedimentary complex of more than 400 m thickness. Clay is the dominant constituent of
the alluvial complex with small quantities near the Ravi River and gradually increases with
distance from the river [41] (Figure 1).
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Figure 1. The geographic location of RRB. Topography is based on ASTER data. Climate stations 
(observed and virtual) are shown together with the 0.5° × 0.5° grid points (a). Three zones of Lahore 
division (Urban and Agriculture), river, canals, and observation wells are shown in (b). Bore-logs 
and their locations are shown in (c). Lithological classification of Lahore division aquifer in (d), [14]. 

2.2. Climate Data Collection and Evaluation 
Scanty observed data is an issue of the study area, therefore reanalysis and interpo-

lated data on three major components; Tmax, Tmin, and rainfall were downloaded from 
Princeton University (PU)website: (http://hydrology.princeton.edu/data/; access date: 
January 2022), APHRODITE (APH): (http://www.chikyu.ac.jp; access date: January 2022) 

Figure 1. The geographic location of RRB. Topography is based on ASTER data. Climate stations
(observed and virtual) are shown together with the 0.5◦ × 0.5◦ grid points (a). Three zones of Lahore
division (Urban and Agriculture), river, canals, and observation wells are shown in (b). Bore-logs
and their locations are shown in (c). Lithological classification of Lahore division aquifer in (d) [14].

2.2. Climate Data Collection and Evaluation

Scanty observed data is an issue of the study area, therefore reanalysis and interpo-
lated data on three major components; Tmax, Tmin, and rainfall were downloaded from
Princeton University (PU)website: (http://hydrology.princeton.edu/data/; access date:
January 2022), APHRODITE (APH): (http://www.chikyu.ac.jp; access date: January 2022)

http://hydrology.princeton.edu/data/
http://www.chikyu.ac.jp
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and Climate change Prediction Center-National Oceanic and Atmospheric Administration
(CPCNOAA) (https://www.ncdc.noaa.gov/cdo-web/; access date: January 2022). Like-
wise, future climate data on Tmax, Tmin, and rainfall for two representative concentration
pathways (RCP4.5&8.5) scenarios and seven regional climate models (RCM) were obtained
from the CORDEX South Asia website: (http://www.cordex.org/; access date: January
2022) (Table 1). The downloaded data was performance checked. Two GCD and four RCM
with outstanding performance were shortlisted for climate change analysis and used as
input to the SWAT model. The detailed methodology and performance results are reported
in [14].

Table 1. Data required for assessment of the impact of future climate, land use, and abstraction on
groundwater resources in Lahore.

Data Type Duration Resolution Sources(s)

Meteorological Data

Observed Climate Data
Rainfall, Tmax, and Tmin 1982–2015 Daily Pakistan Meteorological Department (PMD)

Chandigarh Meteorological Station (CMS)

Gridded Climate Data
Princeton University forcing
APHRODITE dataset
Rainfall

1982–2015 0.5◦ × 0.5◦

(daily)

Princeton University
(http://hydrology.princeton.edu/data/; access date:
January 2022)
Research Institute for Humanity and Nature
(http://www.chikyu.ac.jp; access date: January 2022)

NOAA climate dataset
Tmax and Tmin 1982–2015 Daily

NOAA’s National Centers for Environmental
Information (NCEI)
(https://www.ncdc.noaa.gov/cdo-web/; access date:
January 2022)

Hydrological Data

River discharge and Canal discharge 2000–2014 Daily Punjab Irrigation Department (PID)

Regional Climate Models (RCMs) 1982–2100 Daily
(0.5◦ × 0.5◦)

CORDEX (http://www.cordex.org/; access date:
January 2022)

Spatial Data

Land use data
Soil date 2007 1 km

Ref. [40] World Map (https:
//worldmap.harvard.edu/data/geonode:DSMW_RdY;
access date: January 2022)

Digital Elevation Model (DEM) 30 m (https://earthexplorer.usgs.gov/; access date: January
2022)

Aquifer lithology and hydraulic data Groundwater division of Water and Power
Development Authority (WAPDA)

Population data
(Counts, density) 1998–2017 Pakistan Bureau of Statistics (PBS)

(http://www.pbs.gov.pk/; access date: January 2022)

2.3. Hydrological and Hydrogeological Data Collection and Processing

The daily hydrological data on river flows and canal discharge for fifteen years (2000–
2014) were obtained from the Punjab irrigation department (PID) which is passed through
quality check before use. The hydro-geological data on groundwater levels measured in
Jun and Sept every year was obtained from PID, aquifer lithology from CSIRO, hydraulic
conductivity, specific storage, and specific yield was extracted from literature [37].

2.4. Spatial Data Collection and Processing

The land use map of the Indus basin developed for 2007 was provided by [40]. This
map is one of the several inputs to the hydrological model (SWAT). Two other land use
maps, one developed by the European space agency (ESA), cover the global domain from
1990 to 2015. The other map prepared by [42] (covers the Lahore district from 1999 to

https://www.ncdc.noaa.gov/cdo-web/
http://www.cordex.org/
http://hydrology.princeton.edu/data/
http://www.chikyu.ac.jp
https://www.ncdc.noaa.gov/cdo-web/
http://www.cordex.org/
https://worldmap.harvard.edu/data/geonode:DSMW_RdY
https://worldmap.harvard.edu/data/geonode:DSMW_RdY
https://earthexplorer.usgs.gov/
http://www.pbs.gov.pk/
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2021 (1999, 2011, 2013, 2021, and 2035). Both maps were obtained and used for land-
use change analysis. The ASTER based digital elevation model (DEM) data with spatial
resolution of 30 m was obtained from the United States Geological Survey (USGS) website:
(https://earthexplorer.usgs.gov/; access date: January 2022). The global soil data were
obtained from the Harvard University data archive: (https://worldmap.harvard.edu/data/
geonode:DSMW_RdY; access date: January 2022). The population data of four censuses
from 1951 to 2017 was obtained from the Pakistan bureau of statistics.

2.5. Future Climate Change Projections

The three most relevant parameters of climate (Tmax, Tmin, and rainfall) were used,
because of their significance in the climate system, their most often use in climate change
studies, and their relevance to the current work. The temporal changes in Tmax, Tmin, and
rainfall in the base period (1982–2014) were calculated using PU and CPC-NOAA datasets.
Future projections (2020–2095) were made using four shortlisted RCMs under RCP4.5 and
RCP8.5 scenarios. Annual and seasonal scale projections were made where the wet season
covers months (Apr to Sept) that typically receive heavy rainfall. The dry season covers
months (Oct to Mar) that receive low or no rainfall at all. Their significance was tested
using a student t-test, and linear trends were fitted using a linear regression model [43].

2.6. Future Land Use Change Projections

Two land-use maps were used; one developed by the [44] hereafter referred to as
map-1 and the second by [45], referred to as map-2. Map-1 classifies the area into eleven
classes and map-2 into five classes. Considering the scope of the study, both maps were
reclassified into three broad categories: Agriculture, built-up, and water. The land-use
changes estimated using map-1 and map-2 were compared with each other. These land-
use changes were used to develop linear regression models and future land-use change
projections made using map-2 under two transition scenarios: R1S1-Business as usual and
R2S2-Conservation. The R2S2 somehow includes the effect of policies by the current federal
government in Pakistan, such as the construction of high-rise buildings and tree plantation
campaigns. The study area is lacking in research on land-use change projections, with the
available literature instead focusing more on historical changes. In this situation, although
land use projections are based on simplified assumptions, they are still informative for
interested individuals or institutions.

2.7. Projected Groundwater Projections

The groundwater abstraction in urban and agricultural areas of Lahore was estimated
independently. For urban areas, the population projections were made beforehand by fitting
multiple regression models on population data projected by [46] for some random years
(2025, 2050, 2075, and 2100) under SSP1 and SSP3 scenarios developed by [47]. Based on
population density, the study area was divided into different zones. Groundwater abstrac-
tion was calculated as a multiplication product of per capita water demand (m3·c−1·d−1)
and total population. For agricultural areas, the groundwater abstraction was calculated
using the water balance approach of SWAT [25]. This study assumes that seasonal abstrac-
tion is half that of annual and will remain constant during each season. Therefore, seasonal
scale analysis is not part of this study.

2.8. Hydrological Modeling Using SWAT

The Soil and Water Assessment Tool (SWAT) model was used to calculate the recharge
and abstraction. This model was developed by the USDA-ARS. It can simulate hydrological
and biogeochemical cycles and impacts of stimuli such as climate and land-use changes
on these processes at the watershed scale [48–51]. The SWAT model offers to include a
wide range of components such as weather, hydrology, soil characteristics, crop growth
characteristics, land management operations, and nutrients load and flows in the runoff.

https://earthexplorer.usgs.gov/
https://worldmap.harvard.edu/data/geonode:DSMW_RdY
https://worldmap.harvard.edu/data/geonode:DSMW_RdY
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An insightful description of this model is available in [52]. SWAT simulates water balance
using Equation (1).

SWt = SWO + ∑t
i=1(Rday −Qsurf − Ea −Wseep ×Qgw) (1)

where:

SWt final soil water content at time t in (mm H2O)
SWo initial soil water content on day i in (mm H2O)
t time in (days)
Rday precipitation on day i in (mm)
Qsurf surface runoff on day i in (mm)
Ea evaporation on day i in (mm)
Wseep percolation and bypass flow leaving the bottom of soil strata (mm)
Qgw return flow on day i (mm)

SWAT calculates the surface runoff using the SCS curve number method. It is a function
of land use, soil characteristics, and previous soil moisture conditions. The mechanism of
the SCS curve number method has been given in Equation (2).

Qsurf =
(Rday − Is)

2(
Rday − Ia + S

) (2)

where:

Qsurf = runoff or excess rainfall (mm).
Rday = precipitation on a given day (mm).
Ia = initial abstractions such as surface storage, interception, and infiltration prior to runoff
(mm) and
S = retention parameter (mm).

S = 25.4
(

1000
CN

− 10
)

(3)

CN = curve number a function of land characteristics, varies between 0 to 100; 0 shows
easy conversion of water to direct runoff and 100 shows difficult conversion.

SWAT Model Calibration, Validation, and Performance Evaluation

The model was manually calibrated for eight years (2000–2007) and validated for
seven years (2008–2014) at Ravi Syphon and Shahdara gauges. Sensitivity analysis of
the SWAT model parameters is required to obtain their effect on simulated components
and characterize uncertainties in those components [53]. In total, 32 parameters were
considered in the sensitivity analysis. The parameter values changed up to four levels (±10
and ±25%) to check their influence on flow and groundwater components. The three most
widely used statistical parameters: the coefficient of determination (R2), the percentage bias
(PBIAS), and the Nash-Sutcliffe efficiency (NSE), were considered in this study to evaluate
the performance of the SWAT model. An insightful description of these parameters and
performance rating for SWAT model evaluation is reported in [54].

2.9. Hydrogeologic Modeling Using MODFLOW

In this study, MODFLOW was used to simulate the impact of climate change, land-use
change, and abstraction on groundwater levels. MODFLOW is a three-dimensional finite-
difference groundwater flow model. Groundwater flow within the aquifer is simulated
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in MODFLOW using a block-centered finite-difference approach. The partial differential
equation (Equation (4)) describes the groundwater flow in each grid.

∂

∂x

(
Kxx

∂h
∂x

)
+

∂

∂y

(
Kyy

∂h
∂y

)
+

∂

∂z

(
Kzz

∂h
∂z

)
−W = Ss

∂h
∂t

(4)

In Equation (4), h is the hydraulic head (m) and an independent variable. The Kxx,
Kyy, and Kzz represent the hydraulic conductivity (m.day−1) in x, y, and z directions,
respectively. The SS shows specific storage that is a dimensionless quantity, while the
letter W represents the source or sink. It is measured in day−1. The W has two signs a
positive sign shows the recharge/injection of water into the aquifer, a negative sign means
abstraction. In this study, the groundwater flow model developed for Lahore also includes
the surrounding agricultural areas. The geographical boundaries of the model area are
presented in Figure 1. The model area was divided into uniform grids of 500 m spatial
resolution in horizontal (X, Y) directions.

Based on the lithological data available at 149 locations, a total depth of 400 m was
modeled with four layers of dominant materials. The model was calibrated and validated
for transient conditions using the wet seasons from 2003–2014 with two stress periods each
year: dry and wet having a duration of 182 and 183 days, respectively. The stress periods
were further subdivided into 10-time steps with a time step multiplier of 1.2 to characterize
the temporal variation in piezometric heads. The flow components were simulated using
four MODFLOW modules.

MODFLOW Model Calibration and Performance Evaluation

In the study, a built-in Parameter Estimation (PEST) module was used to calibrate
and validate the transient model for nine years (2003–2009). The PEST takes control of the
MODFLOW and performs iterations as many times as necessary to determine the optimum
parameter values. Annual piezometric water levels recorded by WASA were used as a
reference for calibration. The aquifer parameters: specific yield, hydraulic conductivity,
specific storage, and groundwater abstraction were adjusted for four aquifer layers in
calibration to obtain the best-simulated heads. The coefficient of determination (R2) was
used for performance evaluation.

2.10. Conceptualization of Scenarios Combination for Future Groundwater Level Projections

The study projects future climate, land use, and abstraction (population) under six
combined scenarios (RCP4.5 and RCP8.5; R1S1 and R2S2; SSP1 and SSP3). The RCP and
SSP are global-scale scenarios. These scenarios project the future evolution of climate
and socio-economic development based on multiple variables such as socio-economic,
technological, land use, energy, greenhouse gas emissions, and air pollutants. Unlike other
studies [47,55] that combine RCP and SSP scenarios based on CO2 emission projections,
we used similar assumption to combine those scenarios based on the global population
projections. Comparison of global population projections made under the SSP scenarios
and reported in [56]. Background population projections for the RCP scenarios are reported
in [57], revealing close agreements between SSP1 and RCP4.5 and SSP3 and RCP8.5 scenar-
ios. The land-use change scenarios are applicable on the local scale. They were combined
simultaneously with the climate and population scenario for the future groundwater level
projections (Table 2).

Table 2. Scenarios combinations for projected groundwater levels.

RCP Scenarios Land Use Scenarios SSP Scenarios Scenario Combinations

RCP4.5 R1S1, R2S2 SSP1 RCP4.5-R1S1-SSP1
RCP4.5-R2S2-SSP1

RCP8.5 R1S1, R2S2 SSP3 RCP8.5-R1S1-SSP3
RCP8.5-R2S2-SSP3
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3. Results and Discussion
3.1. Climate Change Projections

The mean climate will evolve in the future (2020–2095) as both the annual temperature
and rainfall will increase under RCP4.5 and RCP8.5 scenarios, as shown in Figure 2a–c.
Compared to the base period (1982–2005), the Tmax will increase by 0.38 ◦C, 0.33 ◦C, and
0.64 ◦C in near, mid, and far future, respectively, under the RCP4.5, and 0.21 ◦C, 0.96 ◦C,
and 2.04 ◦C in near, middle, and far future, respectively, under RCP8.5. Future Tmax in the
wet season (April to September) will decrease, except in the far future under RCP8.5, the
expected absolute change will be −0.36 ◦C, −0.28 ◦C, and −0.07 ◦C in near, mid, and far
future, respectively, under the RCP4.5 scenario, and −0.41 ◦C, −0.29 ◦C, and +0.45 ◦C in
near, middle, and far future, respectively, under RCP8.5. Future Tmax in the dry season
(April to September) will increase, except near futures under RCP4.5, the expected absolute
change will be −1.91 ◦C, +0.95 ◦C, and +1.36 ◦C in near, mid, and far future, respectively,
under the RCP4.5 scenario, and +0.84 ◦C, +2.21 ◦C, and +3.65 ◦C in near, middle, and
far future, respectively, under RCP8.5 (Figure 2a). The Tmin will increase. The absolute
change in future Tmin will be 0.66 ◦C, 0.94 ◦C, and 1.23 ◦C in near, mid, and far future,
respectively, under the RCP4.5, and 0.85 ◦C, 2.05 ◦C, and 3.41 ◦C in near, middle, and far
future, respectively, under RCP8.5. Future Tmin in the wet season (April to September)
will decrease, except in the far future under RCP8.5, the expected absolute change will be
+0.73 ◦C, +0.70 ◦C, and +0.86 ◦C in near, mid, and far future, respectively, under the RCP4.5
scenario, and +0.81 ◦C, +1.73 ◦C, and +2.86 ◦C in near, middle and far future, respectively,
under RCP8.5. Future Tmin in the dry season (October to March) will increase, except near
future under RCP4.5, the expected absolute change will be +0.59 ◦C, +1.19 ◦C, and +1.61 ◦C
in near, mid, and far future, respectively, under the RCP4.5 scenario, and +0.89 ◦C, +2.39 ◦C,
and +3.97 ◦C in near, middle, and far future, respectively, under RCP8.5 (Figure 2b).

Results show an increase in temperature in the future under the climate change
scenarios. A comparison of seasonal scale projections shows that the dry season will be
warmer than the wet season except for the near future, during which the Tmax will decrease
under the RCP4.5 scenario. Both Tmax and Tmin will increase while Tmin will rise more
than the Tmax. Previous studies report similar results for the study area and other parts of
the world [16,58–61]. Rising future temperatures will increase agricultural water demand
due to an increase in evapotranspiration [62–64]. All-purpose domestic and industrial
water consumption will also increase [63,65]. Consequently, rising demand will exacerbate
pressure on groundwater resources.

Compared to the base period (1982–2005), the mean annual rainfall will increase in the
future (2020–2095), except near future, under RCP4.5. Changes in rainfall in the near, mid,
and far future will be −1%, 25%, and 24% under the RCP4.5, 17%, 27%, and 29% under
RCP8.5. Future rainfall in the wet season will increase under RCP4.5 and RCP8.5 scenarios.
The dry season will become drier under both climate change scenarios (Figure 2c). A
comparison of the climate change scenarios shows agreement for the future projections,
especially in the mid and far future. Rainfall projections are in close agreement with the
previous studies [66]. Increasing future annual rainfall depicts more water availability
which can offset negative pressure on groundwater resources. Since the increase in rainfall
will be in the wet season, which is shorter in length than the dry season, dry seasons,
due to longer duration and decreasing, rainfall will further exacerbate the pressure on
groundwater resources in Lahore.
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3.2. Land Use Change Projections

This section presents an analysis of the land-use change during the base period (2000–
2014) and future period (2020–2095) under two scenarios: R1S1-Business as usual and
R2S2-conservation in Lahore. The future projections for three broad urban land-use types
are shown in Figure 3. Compared to the base period, the dominant land use (agriculture)
will decrease from 5392 km2 to 2862 km2 under R1S1 and 3247 km2 under the R2S2 scenario,
while the built-up area will expand. The expansion in built-up will be from 1184 km2 to
3716 km2 and 3329 km2 under R1S1 and R2S2, respectively. The change in agriculture and
built-up areas will be significant across the entire century (Table 3). The third land-use type,
water, will remain the same with minor changes throughout the twenty-first century. An
earlier study accomplished in the study area projected expansion in the urban area (built-
up) [67]. The future contraction in Agricultural areas and expanding built-up will have
implications for groundwater resources [6,33,68]. Besides putting pressure on groundwater,
the agricultural (cultivated) area also plays a role in replenishing groundwater resources.
Because a portion of the water received from rainfall and irrigation supplies percolates
to groundwater, with the future contraction of agricultural areas, both the demand for
irrigation and recharge will decrease [33]. The effect of the future expansion of built-up on
groundwater resources will be more severe than the decrease in the agricultural area. It is
due to a decrease in recharge and an increase in population-triggered water demand. Since
the land use projections are driven by simplified assumptions (land use change (expansion
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or contraction) will only occur on the outskirts of existing landscapes). This assumption
might overestimate land use change and its impact on groundwater resources.
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Figure 3. Future projections of three dominant land use and land cover types under R1S1 and R2S2
scenarios using Map-1.

Table 3. Area under three broad land use and land cover types for the NF, MF and FF, projected
under R1S1 and R2S2 scenarios.

Year

Land Use and Land Cover Type (km2)

R1S1 R2S2

Agriculture Built-Up Water Agriculture Built-Up Water

Base
period 5392 1184 240 5392 1184 240

2020 5048 * 1528 * 240 5001 * 1575 * 240
2043 4325 * 2251 * 240 4287 * 2289 * 240
2072 3642 * 2935 * 240 3736 * 2840 * 240
2100 2860 * 3716 * 240 3247 * 3329 * 240

Note. Each future time window was tested for significance relative to the base period. The p value for all future
time windows was less than 0.05 significance level. * Shows a significant change (at 5%) in land use relative to the
base period.

3.3. SWAT Model Sensitivity Analysis

Nine parameters are found to be the most influential (Table 2). The CN2.mgt has
the most influence and LAT_TIME.hru the least while the other seven parameters fall
between the two. In terms of their relationship with simulated parameters, CANMX.hru,
TLAPS.sub, ESCO.hru, and CH_K2.rte have a direct relationship with the surface flow
components, while CN2.mgt, SOL_AWC.sol, and LAT_TIME.hru have an inverse relation-
ship (Table 2). Only ESCO.hru has a direct relationship with groundwater components.
CN2.mgt, TLAPS.sub, CH_K2.rte, and PLAPS.sub have no relationship at all with the
groundwater components. Some parameters such as GW_DELAY.gw, SOL_K.sol and
PLAPS.sub have no proper relationship with flow components. Besides their relationships,
the effects of influential parameters were also observed during sensitivity analysis (Table S1)
(supplementary material). For example, CN2.mgt and LAT_TIME.hru reduce instant peaks
and smooth the hydrograph. TLAPS.sub and SOL_K.sol affect the occurrence (onset and
withdrawal) of hydrograph peaks. Similarly, CANMX.hru and ESCO.hru affect the base
flow and discharge while PLAPS.sub influences discharge only and SOL_AWC.sol affects
soil moisture storage.
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3.4. SWAT Model Calibration and Validation—For Discharge

Figure 4a–c shows a close matchup between observed and simulated hydrographs.
Based on the statistics, the performance of the SWAT model varies from good to very good
(Table 4). The coefficient of determination (R2) has very good values; 0.77 for calibration
and 0.72 for validation at Ravi Syphon, with 0.75 for calibration and 0.81 for the validation
period at Shahdara gauge. The NSE also varies from good to very good; 0.76 for calibration
and 0.72 for validation at Ravi Syphon with 0.74 and 0.75 at Shahdara gauge. The PBIAS
only has a high value (−10.46) at Ravi Syphon for calibration, while it falls in a good range
(1.68 and 0.79) at both stations for the validation period. The statistics for calibration and
validation show that the model performance at both stations falls in a range from good to
very good. The model can be used for further hydrological analysis.
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Table 4. SWAT model performance for calibration and validation at Ravi syphon and Shahdara
gauges.

Performance Statistics Calibration Validation

Ravi Syphon gauge (upstream)

Coefficient of determination (R2) 0.77 (very good) 0.72 (good)
Nash-Sutcliffe efficiency (NSE) 0.76 (very good) 0.72 (good)

Percentage bias in volume (PBIAS) −10.46 (good) 1.68 (very good)

Shahdara gauge (downstream)

Coefficient of determination (R2) 0.75 (very good) 0.81 (very good)
Nash-Sutcliffe efficiency (NSE) 0.74 (good) 0.75 (very good)

Percentage bias in volume (PBIAS) −0.20 (very good) 0.79 (very good)

3.5. SWAT Model Calibration and Validation—For Recharge

The SWAT model was calibrated for groundwater recharge as well. The calibration
period spans five years (2003–2007) and the validation period seven years (2008–2014).
Groundwater recharge, calculated using the water table fluctuation (WTF) method, was
used as a reference. The optimized parameters are enlisted in Table 5. The performance
of calibrated SWAT model falls in the range of good to very good, with a minimum differ-
ence between annual simulated and reference groundwater recharge (Figure 4d,e). The
calibrated model mostly overestimates groundwater recharge during validation. There is a
considerable difference between the years 2009 and 2014 (25 mm and 18 mm, respectively).
For the remaining years, the model matches well with the reference groundwater recharge.
The coefficient of determination (R2) falls in a very good range for calibration (0.84) and
validation (0.82), and the NSE falls in the class of satisfactory (0.60) for both calibration
and validation periods. The PBIAS shows a very good value (2.0) for calibration and a
high value (16) for validation. The SWAT model’s satisfactory performance has also been
addressed by previous studies in the study area [2,10,25,30,69]. The success of the calibra-
tion of SWAT model depends on the choice of parameters and sensitivity [70]. Both factors
largely depend on watershed characteristics and are determined by sensitivity analysis.
Discharge in the Ravi River is controlled by a set of parameters that were determined
during sensitivity analysis. The influence of selected parameters on discharge is described
in Table S3. For the calibrated SWAT model, the CN2, CANMX, ESCO, SOL_AWC, and
SOL_K were altered, depicting the dominant control of land surface characteristics and
subsurface soil characteristics on river discharge. The calibrated CN2 value 47.63 depicts
high infiltration. Small quantities of infiltered water are stored in the soil root zone, as
indicated by low SOL_AWC (0.11). The possible reason is that much of the soil water
is removed through evaporation, as shown by ESCO (0.35), and recharged to shallow
groundwater, as depicted by GW_DELAY (19).
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Table 5. List of sensitive parameters and their calibrated values for the swat model.

Parameter Description of Parameters Parameter Range Calibrated Value Sensitivity Rank

CN2.mgt SCS runoff curve number (35, 98) 47.63 1
CANMX.hru Maximum canopy storage (mm H2O) (0, 100) 6.02 2
TLAPS.sub Temperature lapse rate (◦C/km) (−50, 50) −3.80 3
ESCO.hru Soil evaporation compensation factor (0, 1) 0.35 4

SOL_AWC.sol Available water capacity of the soil layer
(mm H2O/mm soil) (0, 1) 0.11 5

CH_K2.rte Effective hydraulic conductivity in main
channel alluvium (−0.01, 500) 9.50 6

GW_DELAY.gw Threshold depth of water in the shallow
aquifer required for return flow to occur (0, 500) 19.00 7

SOL_K.sol Saturated hydraulic conductivity (mm/h) (0, 2000) 42.22 8
PLAPS.sub Precipitation lapse rate (mm H2O/km) (−500, 500) 305.10 9

LAT_TIME.hru Horizontal flow travel time (days) (0, 180) 8.00 10

3.6. Groundwater Abstraction Projections

Groundwater abstraction in urban areas is dominated by domestic water use while
in agricultural (rural) areas by water demand for agricultural consumption. This study
considers only the dominant factors for each sector. Compared to the base period (2000–
2014), annual groundwater abstraction will decrease in the 21st century under RCP4.5 and
RCP8.5 scenarios (Figure 5). The reduction will be highest in the near future under RCP
scenarios. At an annual scale, future abstraction will decrease by −17, −7, and −13% in the
near future, mid future, and far future, respectively, under RCP4.5, and by −11, −9, and
−10% in the near future, mid future, and far future, respectively, under RCP8.5. Future
changes in abstraction will be significant under all scenarios. The groundwater abstraction
follows the same pattern of change in both wet and dry seasons under RCP4.5 and RCP8.5
scenarios. Urban area abstraction will increase in the twenty-first century under SSP1 and
SSP3 scenarios, as shown in Figure 6. Compared to the base period, groundwater abstrac-
tion will increase by 80% and 61% in the near future, by 158 and 135% in the mid future,
and by 193 and 203% in the far future under SSP1 and SSP3, respectively. Groundwater
abstraction increases during the twenty-first century, stabilizing in the far future under
SSP1, while in contrast, under SSP3, it shows a continuous increase. The projected de-
crease in groundwater abstraction in agricultural areas is associated with increasing future
rainfall that will enhance water availability for agriculture, and groundwater recharge
and pressure on groundwater resources will decrease. Unlike agricultural areas, the likely
rise in future abstraction in urban areas can be associated with increasing population.
Previous studies [2,71] suggest pressure on groundwater resources is dominated by anthro-
pogenic pumping. Rising future temperatures and expansion in the built-up area due to
imperviousness will exacerbate the pressure on groundwater resources.



Atmosphere 2022, 13, 2001 15 of 25

Atmosphere 2022, 13, x FOR PEER REVIEW 15 of 25 
 

 

SSP1, while in contrast, under SSP3, it shows a continuous increase. The projected de-
crease in groundwater abstraction in agricultural areas is associated with increasing fu-
ture rainfall that will enhance water availability for agriculture, and groundwater re-
charge and pressure on groundwater resources will decrease. Unlike agricultural areas, 
the likely rise in future abstraction in urban areas can be associated with increasing pop-
ulation. Previous studies [2,71] suggest pressure on groundwater resources is dominated 
by anthropogenic pumping. Rising future temperatures and expansion in the built-up 
area due to imperviousness will exacerbate the pressure on groundwater resources. 

 
Figure 5. Annual and seasonal projections of groundwater abstraction in the agricultural areas of 
Lahore, under the (a) RCP4.5, and (b) RCP8.5 climate change scenarios for the 21st century. The 
shaded area in annual graphs represents the 25th and 75th percentile, and smooth lines are twenty 
years moving averages. All abstraction changes are significant at p = 0.05. 

 
Figure 6. Annual projections of groundwater abstraction in the urban area of Lahore, under (a) SSP1, 
and (b) SSP3 population scenarios for the 21st century. The shaded area in annual graphs represents 
the 25th and 75th percentile, and smooth lines are twenty years moving averages. Change in ab-
straction will be significant at p = 0.05. 

3.7. MODFLOW Sensitivity Analysis 
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years moving averages. All abstraction changes are significant at p = 0.05.
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3.7. MODFLOW Sensitivity Analysis 

Figure 6. Annual projections of groundwater abstraction in the urban area of Lahore, under (a)
SSP1, and (b) SSP3 population scenarios for the 21st century. The shaded area in annual graphs
represents the 25th and 75th percentile, and smooth lines are twenty years moving averages. Change
in abstraction will be significant at p = 0.05.

3.7. MODFLOW Sensitivity Analysis

The study used a parameter estimation package (PEST) for model calibration and
sensitivity analysis. Sensitivity analysis of the parameters such as; specific storage, specific
yield, vertical and horizontal hydraulic conductivities, and recharge was performed to
check their influence on groundwater level. The groundwater model was most sensitive to
horizontal hydraulic conductivity, followed by recharge, specific storage, vertical hydraulic
conductivity, and specific yield.
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3.8. MODFLOW Calibration—Steady State

The study used the parameter estimation (PEST) module to calibrate the steady-state
MODFLOW model. The observed piezometric water levels for the wet season in 2003
(Dec-03) were used as reference targets. The specific yield (Sy), horizontal (Kh), and vertical
(Kv) hydraulic conductivities, specific storage (Ss), and recharge were used as calibration
parameters. The optimized hydraulic conductivity of the total formation varies from 66.53
to 89.52 mm.day-1 and vertical hydraulic conductivity from 3.47 to 6.02 mm.day-1. Specific
storage and specific yield vary from 1.09E-04 to 2.47E-04 and 0.17 to 0.22, respectively. The
calculated heads are given in Figure 7. Results depict that the plotted points are close to
the best fit line with a small degree of scattering (less than 2 m), as shown in Figure 7. The
degree of scattering varies between 2 and −2 m with an average value of −0.077 m (0.25 ft),
thereby depicting overall good agreement between simulated water levels. The coefficient
of determination is very high (R2 = 0.9869), showing a high level of correspondence between
observed and simulated water levels.
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3.9. MODFLOW Calibration—Transient

The transient model was calibrated for seven years; December 2003 to June 2009. The
horizontal and vertical hydraulic conductivities were not considered because hydraulic
conductivity is a non-time variant parameter. Therefore, recharge, specific yield, and
specific storage were optimized using the PEST model. The optimized parameters are
listed in Table S2 (supplementary material). The average values of specific storage and
yield for the total formation vary from 1.09E-06 to 2.47E-03 and 0.17 to 0.22, respectively.
The calibrated groundwater flow model performed well in simulating the water levels,
as shown in Figure 8. The simulated hydrographs showed well match with observed
hydrographs by effectively capturing the seasonal variations and overall trends in urban
and agricultural zones. The average bias of model-simulated water levels in urban zones
varies between 0.59 m and 1.23 m, and in the agriculture zones between 0.52 m and 0.81
m. The falling water levels during the calibration period show increasing pressure on
groundwater resources in urban zones.
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referred to as areas situated on the outskirts of urban areas and comprise mixed and fragmented
landscapes of rural and urban areas [72].

3.10. Groundwater Level Projections

This section presents the future evolution of groundwater levels projected using the
MODFLOW model for four scenarios. The simulations were performed to predict the
behavior of groundwater resources up to the year 2100. All three factors, climate, land use,
and abstraction, pose a combined effect on groundwater resources. Therefore, the following
sections present the results, projected under combined climate change, land-use change,
and abstraction scenarios. Changes in groundwater levels are a measure of groundwater
storage, and therefore, this study focuses on groundwater levels only. Groundwater levels
of urban and agricultural zones were projected using the MODFLOW up to 2100, as shown
in Figure 9a–c. The results elucidate that groundwater levels will decrease at a much faster
rate in urban areas. The drawdown in urban areas will vary from 45 to 55 m under all
scenarios by 2100. The surroundings of urban areas (peri-urban) will observe a drawdown
of about 9 to 10 m. In agricultural zones, there will be a drawdown of more than 2 m under
the RCP4.5R1S1 scenario.
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change, and abstraction scenarios for the 21st century, (a) urban areas, (b) per urban areas, and (c)
agricultural areas.

The changes in groundwater levels for urban and peri-urban areas are significant
at p = 0.05 under both scenarios. Changes in groundwater levels for the left and right
zones will be insignificant. The fast decline in groundwater levels for urban areas is due to
urbanization, causing a rise in abstraction and a fall in recharge. Unlike the increase in total
annual precipitation under climate change scenarios, groundwater levels will decrease. The
decrease in water levels is due to the dominant effect of land-use change and abstraction,
both of which marginalize the climate change effect, causing groundwater levels to reduce
at a much faster rate. In peri-urban areas, the rate of decline is relatively slower. Low
population density and recharge from rainfall and irrigation water supply slows the rate of
decline. In agricultural zones, the fluctuation in groundwater levels is apparent. Unlike
urban and peri-urban areas, groundwater levels will increase. Besides rainfall recharging,
the dense network of irrigation, link canals, and irrigation return flows contribute to the
likely increase in water levels.

3.11. Future Impact on Groundwater Resources

The impact of climate change, land-use change, and abstraction on groundwater levels
was estimated under combined scenarios by subtracting the groundwater levels for the
base period and future. An increase in depth was assigned a negative sign and vice versa.
Results show that compared to the base period, the degree of impact will be much higher in
the future, as shown in Figures 10 and 11. Unlike north and west, most areas will observe
negative impacts under combined scenarios in the near future.
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In the north, the effect will change from positive to negative in the mid and far
future. Urban and southeastern areas will observe the highest negative impact due to
groundwater levels, decreasing at a much faster rate from 23 m in the near future to over
55 m in the far future. The surrounding areas being positively impacted in the base period
will observe negative impacts due to the fast-outward expansion of the depression front.
The groundwater levels in these areas are likely to decrease from 2 m in the near future
to over 23 m by 2100. The agriculture areas, already facing a negative impact due to a
decrease in groundwater levels during the base period, are likely to observe a further
increase in the magnitude of negative impact. The likely decrease in groundwater levels
in agriculture areas varies from 2 m in the near future to over 11 m in the far future. The
degree of impact will be higher under RCP8.5-R1S1-SSP3 scenarios than RCP4.5-R1S1-SSP1.
Similarly, the combined R1S1 scenario project higher changes than the R2S2 scenarios. The
areas of a high negative impact and low adaptive capacity are likely to be more vulnerable
in the future under all scenarios, as shown in Figures 10 and 11, including urban areas.
The highly vulnerable urban areas will expand outward and triple spatially in the far
future. Besides experiencing a negative impact during the base period and increasing in
the future, agricultural areas will be less vulnerable in the future, under all scenarios. The
surrounding areas of urban settlements are also likely to be less vulnerable in the future,
although margins will decrease due to their proximity to the urban area. The degree and
range of vulnerability will be higher and wider under RCP8.5-R1S1-SSP3 scenarios than



Atmosphere 2022, 13, 2001 20 of 25

RCP4.5-R1S1-SSP1. Similarly, the combined R1S1 scenarios project a larger change than
R2S2 scenarios.
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4. Policy Guidelines for the Adaptation of the Impact of Multiple Stresses on
Groundwater Levels

The results of this study reveal that the groundwater resources in Lahore are vulner-
able to the three dominant stressors: climate change, land-use change, and abstraction.
The main reason is the increased deficit over time due to rising water demand and a
decreasing supply (recharge) to the Lahore aquifer. The situation will become severe in
the future if current groundwater practices continue. Therefore, groundwater resources
need to be protected against the impact of climate change (SDG13), land-use change, and
abstraction to ensure the continuous supply of water in ample quantities (SDG6). Protection
means complying with the United Nations Sustainable Development Goals: SDG6 (“clean
water and sanitation”) and SDG 13 (“climate action”). The said goal can be achieved by
formulating practical adaptation measures.

The indicators used in this study can be grouped into physical and climatic. The
results also reveal that population (density) has a dominant influence on groundwater,
followed by recharge and water table depth, respectively. Irrigation supply and impervious
areas have minimum effect compared to other factors.
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The projected results show quantitively that the population (in urban areas) of Lahore
will increase many-fold in the future, ultimately increasing abstraction. At present, the
annual groundwater abstraction from the Lahore aquifer is dominated by domestic con-
sumption (52.9%) [39] and is likely to exacerbate due to the future increase in population.
An increase in population is associated with local birth rates and migration from other
parts of the country due to socioeconomic factors [73]. Expansion in built-up (urban) areas
involves many factors, defining the rate at which it overruns other land-use types [74,75].
These factors are biophysical, infrastructural, and socioeconomic. The socioeconomic
(66.67%) and infrastructural (64.10%) factors contribute equally and twice the number of
biophysical factors (33.33%) in Lahore [45]. The current study projects that built-up area
expansion will be consequent to the increase in the future population. An increase in
built-up areas depicts the contraction of other land use types, especially agriculture areas,
thus reducing the recharge from rainfall and agricultural return flows. In order to control
the rapid increase in abstraction and decrease in recharge, some workable adaptation policy
actions should be implemented, supported by the results of this study, especially those
presented in Table 6. The detailed description of adaptation options is provided in Table S3
(Supplementary material).

Table 6. Proposed adaptation options to counter the negative impacts on groundwater resources in
Lahore.

Sr. No. Improve Adaptation Options Time-Based
Effectiveness

Approximate Time to
Observe Outcome

1
A

Population control Slow 10–15 years
2 New economic zones Slow 10–20 years
3 Regulation of abstraction and zoning Fast 3–5 years

4 A/R Supplemental supply of treated sewage Fast 1–2 years

5
R

Building development laws Slow 5–10 years
6 Rainwater and storm water harvesting Fast 4–5 years
7 River ponding Fast 3–4 years

Note. A = Abstraction; R = Recharge. The time-based effectiveness of each adaption measure is defined based on
experts’ experience and judgment.

5. Assumptions, Limitations, and Future Work

Land-use change, especially in the built-up category, is identified to be posing a severe
impact on groundwater in Lahore. However, this study relies only on land use projections,
developed based on simplified assumptions (future built-up will extend only around the
existing built-up areas). Future studies can prepare future land-use change maps based on
robust methodologies and replicate the results of this study for Lahore. Our study proposes
some adaptation options that could improve the quantitative situation of groundwater
in Lahore. Further research may evaluate the potential for groundwater replenishment
of these adaptation options: river ponding, rainwater, stormwater harvesting, and reuse
of treated wastewater using modeling-based tools. Because of the lack of observation-
based data on groundwater quality, this study focuses only on the quantitative aspect of
groundwater resources without the quality component. The groundwater quantity, as well
as quality aspects, may be considered in future work and management policy formulation
as well.

6. Conclusions

This study uses a multi-model integrated approach to investigate the impacts of
climate change, land-use change, and abstraction on groundwater resources in Lahore.
Following are the conclusions.

Future annual temperatures will rise, with the Tmin increasing more than the Tmax.
The dry season will be warmer than the wet season under climate change scenarios. Future
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annual rainfall will increase, while patterns of annual and seasonal rainfall will remain the
same.

The annual rainfall will increase by 24% and 29% under RCP4.5 and RCP8.5 scenarios,
respectively, in the far future. The changes will be more apparent under the RCP8.5
compared to the RCP4.5. The built-up area will increase in the future and dominate
the agricultural area under land-use change scenarios. An increase in the built-up area
will at the expense of the agriculture area. Future annual abstraction in urban areas will
increase under shared socioeconomic scenarios. Future annual groundwater abstraction
in agricultural areas will decrease but, seasonal groundwater abstraction in the wet and
dry seasons will follow the patterns of annual groundwater abstraction under climate
change scenarios. Annual groundwater abstraction in urban areas will increase with the
highest increase under SSP3 and lowest under SSP1. Annual groundwater abstraction in
the agricultural areas will decrease. The decrease will be fast under RCP4.5 than RCP8.5
scenarios.

Future groundwater levels in urban areas will decrease fast due to an increase in ab-
straction and built-up expansion. Surrounding areas will observe a decline in groundwater
levels due to the outward expansion of the water level depression front. Groundwater levels
in urban areas will decrease by 51 m and 56 m under RCP4.5R1S1SSP1 and RCP8.5R1S1SSP1
combined scenarios, respectively, in the far future. The groundwater levels in the sur-
roundings of urban areas will decrease by 10.7 m and 11 m under RCP4.5R1S1SSP1 and
RCP8.5R1S1SSP1 combined scenarios, respectively, in the far future. Agricultural areas
will experience an insignificant change in groundwater levels due to rainfall and irrigation
under combined scenarios in the future. Seven adaptation options to offset the negative
effect of climate change and human development on groundwater resources have been
proposed based on consultation with experts. However, their actual potential has yet to be
determined.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13122001/s1, Table S1: Functional relationship of the most
influential SWAT parameters with the discharge and groundwater components, Table S2: List of
sensitive parameters with their calibrated values for GMS-MODFLOW, Table S3: Description of
proposed adaptation options to counter the negative impacts on groundwater resources in Lahore.

Author Contributions: Conceptualization, R.A.A.; methodology, R.A.A.; software R.A.A.; valida-
tion, R.A.A.; formal analysis, .A.S.; investigation, S.S.; resources R.A.A.; data curation, R.A.A.;
writing—original draft preparation, R.A.A.; writing—review and editing, R.A.A., S.N.K. and A.A.;
visualization, S.N.K., M.N.U., S.A., M.S.S., M.W.S., A.S., M.U.A. and N.S.; supervision, S.S.; project
administration, S.S.; funding acquisition, A.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: We greatly appreciate Punjab Irrigation Department (PID) and Pakistan Meteo-
rological Department (PMD) for proving data to carry out analysis for this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ramnarong, V. Evaluation of groundwater management in Bangkok: Positive and negative. In Groundwater in the Urban

Environment: Selected City Profiles; 1999; pp. 51–62.
2. Arshad, A.; Mirchi, A.; Samimi, M.; Ahmad, B. Combining downscaled-GRACE data with SWAT to improve the estimation of

groundwater storage and depletion variations in the irrigated Indus basin. Sci. Total Environ. 2022, 838, 156044. [CrossRef]
3. Arshad, A.; Zhang, W.; Zaman, M.A.; Dilawar, A.; Sajid, Z. Monitoring the impacts of spatio-temporal land-use changes on the

regional climate of city Faisalabad, Pakistan. Ann. GIS 2019, 25, 57–70. [CrossRef]
4. Mahmood, K.; Rana, A.D.; Tariq, S.; Kanwal, S.; Ali, R.; Haidar, A. Groundwater levels susceptibility to degradation in Lahore

metropolitan. Depression 2011, 150, 8-01.

https://www.mdpi.com/article/10.3390/atmos13122001/s1
https://www.mdpi.com/article/10.3390/atmos13122001/s1
http://doi.org/10.1016/j.scitotenv.2022.156044
http://doi.org/10.1080/19475683.2018.1543205


Atmosphere 2022, 13, 2001 23 of 25

5. Saleem, F.; Arshad, A.; Mirchi, A.; Khaliq, T.; Zeng, X.; Rahman, M.; Dilawar, A.; Pham, Q.B.; Mahmood, K. Observed changes in
crop yield associated with droughts propagation via natural and human-disturbed agro-ecological zones of Pakistan. Remote
Sens. 2022, 14, 2152. [CrossRef]

6. Sajjad, M.M.; Wang, J.; Abbas, H.; Ullah, I.; Khan, R.; Ali, F. Impact of Climate and Land-Use Change on Groundwater Resources,
Study of Faisalabad District, Pakistan. Atmosphere 2022, 13, 1097. [CrossRef]

7. Clifton, C.; Evans, R.; Hayes, S.; Hirji, R.; Puz, G.; Pizarro, C. Water and climate change. 2010.
8. Nyakundi, R.; Makokha, M.; Mwangi, J.; Obiero, C. Impact of rainfall variability on groundwater levels in Ruiru municipality,

Kenya. Afr. J. Sci. Technol. Innov. Dev. 2015, 7, 329–335. [CrossRef]
9. Sishodia, R.P.; Shukla, S.; Graham, W.; Wani, S.P.; Garg, K.K. Bi-decadal groundwater level trends in a semi-arid south indian

region: Declines, causes and management. J. Hydrol. Reg. Stud. 2016, 8, 43–58. [CrossRef]
10. Umar, M.; Khan, S.N.; Arshad, A.; Aslam, R.A.; Khan, H.M.S.; Rashid, H.; Pham, Q.B.; Nasir, A.; Noor, R.; Khedher, K.M.; et al. A

modified approach to quantify aquifer vulnerability to pollution towards sustainable groundwater management in Irrigated
Indus Basin. Environ. Sci. Pollut. Res. 2022, 29, 1–22. [CrossRef]

11. Basharat, M. Groundwater Environment in Lahore, Pakistan. In Groundwater Environment in Asian Cities; Elsevier: Amsterdam,
The Netherlands, 2016; pp. 147–184.

12. Basharat, M.; Rizvi, S.A. Groundwater extraction and waste water disposal regulation. Is Lahore Aquifer at stake with as usual
approach. In Pakistan Engineering Congress, World Water Day, Lahore; 2011.

13. Heureux, A.M.C.; Alvar-Beltrán, J.; Manzanas, R.; Ali, M.; Wahaj, R.; Dowlatchahi, M.; Afzaal, M.; Kazmi, D.; Ahmed, B.; Salehnia,
N.; et al. Climate Trends and Extremes in the Indus River Basin, Pakistan: Implications for Agricultural Production. Atmosphere
2022, 13, 378. [CrossRef]

14. Aslam, R.A.; Shrestha, S.; Pal, I.; Ninsawat, S.; Shanmugam, M.; Anwar, S. Projections of climatic extremes in a data poor
transboundary river basin of India and Pakistan. Int. J. Climatol. 2020, 40, 4992–5010. [CrossRef]

15. Hina, S.; Saleem, F.; Arshad, A.; Hina, A.; Ullah, I. Droughts over Pakistan: Possible cycles, precursors and associated mechanisms.
Geomat. Nat. Hazards Risk 2021, 12, 1638–1668. [CrossRef]

16. Saleem, F.; Zeng, X.; Hina, S.; Omer, A. Regional changes in extreme temperature records over Pakistan and their relation to
Pacific variability. Atmos. Res. 2021, 250, 105407. [CrossRef]

17. Ahmad, A.; Gilani, H.; Shirazi, S.A.; Pourghasemi, H.R.; Shaukat, I. Spatiotemporal urban sprawl and land resource assessment
using Google Earth Engine platform in Lahore district, Pakistan. In Computers in Earth and Environmental Sciences; Elsevier:
Amsterdam, The Netherlands, 2022; pp. 137–150.

18. Gabriel, H.; Khan, S. Climate responsive urban groundwater management options in a stressed aquifer system. IAHS-AISH Publ.
2010, 338, 166–168.

19. Ahmad, A.; Chao, W.; Yixian, T.; Sultan, M.; Falak, A.; Wei, D.; Jing, W. SAR-based Subsidence Monitoring and Assessment of the
Factors Involved in the Occurrence of Subsidence, Lahore City. J. Resour. Ecol. 2022, 13, 826–841. [CrossRef]

20. Ahmad, N.; Ahmad, M.; Rafiq, M.; Iqbal, N.; Ali, M.; Sajjad, M.I. Hydrological modeling of the Lahore aquifer using isotopic
chemical and numerical techniques. Back Issues J. Sci. Vis. 2002, 7, 16.

21. Scanlon, B.R.; Faunt, C.C.; Longuevergne, L.; Reedy, R.C.; Alley, W.M.; McGuire, V.L.; McMahon, P.B. Groundwater depletion and
sustainability of irrigation in the US High Plains and Central Valley. Proc. Natl. Acad. Sci. USA 2012, 109, 9320–9325. [CrossRef]

22. Wang, S.; Liu, H.; Yu, Y.; Zhao, W.; Yang, Q.; Liu, J. Evaluation of groundwater sustainability in the arid Hexi Corridor of
Northwestern China, using GRACE, GLDAS and measured groundwater data products. Sci. Total Environ. 2020, 705, 135829.
[CrossRef]

23. MacAllister, D.; Krishan, G.; Basharat, M.; Cuba, D.; MacDonald, A.M. A century of groundwater accumulation in Pakistan and
northwest India. Nat. Geosci. 2022, 15, 390–396. [CrossRef]

24. Liu, W.; Bailey, R.T.; Andersen, H.E.; Jeppesen, E.; Park, S.; Thodsen, H.; Nielsen, A.; Molina-Navarro, E.; Trolle, D. Assessing the
impacts of groundwater abstractions on flow regime and stream biota: Combining SWAT-MODFLOW with flow-biota empirical
models. Sci. Total Environ. 2020, 706, 135702. [CrossRef]

25. Cheema, M.; Immerzeel, W.; Bastiaanssen, W. Spatial quantification of groundwater abstraction in the irrigated Indus basin.
Groundwater 2014, 52, 25–36. [CrossRef]

26. de Graaf, I.E.M.; Sutanudjaja, E.H.; van Beek, L.P.H.; Bierkens, M.F.P. A high-resolution global-scale groundwater model. Hydrol.
Earth Syst. Sci. 2015, 19, 823–837. [CrossRef]

27. Melaku, N.D.; Wang, J. A modified SWAT module for estimating groundwater table at Lethbridge and Barons, Alberta, Canada. J.
Hydrol. 2019, 575, 420–431. [CrossRef]

28. Behera, A.K.; Pradhan, R.M.; Kumar, S.; Chakrapani, G.J.; Kumar, P. Assessment of groundwater flow dynamics using MODFLOW
in shallow aquifer system of mahanadi delta (east coast), India. Water 2022, 14, 611. [CrossRef]

29. Awan, U.K.; Ismaeel, A. A new technique to map groundwater recharge in irrigated areas using a SWAT model under changing
climate. J. Hydrol. 2014, 519, 1368–1382. [CrossRef]

30. Awan, U.K.; Liaqat, U.W.; Choi, M.; Ismaeel, A. A SWAT modeling approach to assess the impact of climate change on
consumptive water use in Lower Chenab Canal area of Indus basin. Hydrol. Res. 2016, 47, 1025–1037. [CrossRef]

31. Aslam, M.; Arshad, M.; Singh, V.P.; Shahid, M.A. Hydrological Modeling of Aquifer’s Recharge and Discharge Potential by
Coupling WetSpass and MODFLOW for the Chaj Doab, Pakistan. Sustainability 2022, 14, 4421. [CrossRef]

http://doi.org/10.3390/rs14092152
http://doi.org/10.3390/atmos13071097
http://doi.org/10.1080/20421338.2015.1085157
http://doi.org/10.1016/j.ejrh.2016.09.005
http://doi.org/10.1007/s11356-021-17882-9
http://doi.org/10.3390/atmos13030378
http://doi.org/10.1002/joc.6501
http://doi.org/10.1080/19475705.2021.1938703
http://doi.org/10.1016/j.atmosres.2020.105407
http://doi.org/10.5814/j.issn.1674-764x.2022.05.007
http://doi.org/10.1073/pnas.1200311109
http://doi.org/10.1016/j.scitotenv.2019.135829
http://doi.org/10.1038/s41561-022-00926-1
http://doi.org/10.1016/j.scitotenv.2019.135702
http://doi.org/10.1111/gwat.12027
http://doi.org/10.5194/hess-19-823-2015
http://doi.org/10.1016/j.jhydrol.2019.05.052
http://doi.org/10.3390/w14040611
http://doi.org/10.1016/j.jhydrol.2014.08.049
http://doi.org/10.2166/nh.2016.102
http://doi.org/10.3390/su14084421


Atmosphere 2022, 13, 2001 24 of 25

32. Aslam, M.; Shehzad, M.U.; Ali, A.; Ali, N.; Chaiyasan, K.; Tahir, H.; Joyklad, P.; Hussain, Q. Seepage and Groundwater Numerical
Modelling for Managing Waterlogging in the Vicinity of the Trimmu–Sidhnai Link Canal. Infrastructures 2022, 7, 144. [CrossRef]

33. Ashraf, S.; Ali, M.; Shrestha, S.; Hafeez, M.A.; Moiz, A.; Sheikh, Z.A. Impacts of climate and land-use change on groundwater
recharge in the semi-arid lower Ravi River basin, Pakistan. Groundw. Sustain. Dev. 2022, 17, 100743. [CrossRef]

34. Ali, S.; Liu, D.; Fu, Q.; Cheema, M.J.M.; Pal, S.C.; Arshad, A.; Pham, Q.B.; Zhang, L. Constructing high-resolution groundwater
drought at spatio-temporal scale using GRACE satellite data based on machine learning in the Indus Basin. J. Hydrol. 2022, 612,
128295. [CrossRef]

35. Arshad, A.; Zhang, Z.; Zhang, W.; Dilawar, A. Mapping favorable groundwater potential recharge zones using a GIS-based
analytical hierarchical process and probability frequency ratio model: A case study from an agro-urban region of Pakistan. Geosci.
Front. 2020, 11, 1805–1819. [CrossRef]

36. Basharat, M.; Basharat, M. Developing Sukh-Beas as a potential recharge site during wet years for Bari Doab. Appl. Water Sci.
2019, 9, 1–15. [CrossRef]

37. Khan, S.; Rana, T.; Ullah, K.; Christen, E.; Nafees, M. Investigating Conjunctive Water Management Options Using a Dynamic
Surface-Groundwater Modelling Approach: A Case Study of Rechna Doab. CSIRO Land and Water Technical Report 2003.
Available online: http://hdl.handle.net/102.100.100/193016?index=1 (accessed on 1 January 2022).

38. Hussain, M.A.; Chen, Z.; Zheng, Y.; Shoaib, M.; Ma, J.; Ahmad, I.; Asghar, A.; Khan, J. PS-InSAR Based Monitoring of Land
Subsidence by Groundwater Extraction for Lahore Metropolitan City, Pakistan. Remote Sens. 2022, 14, 3950. [CrossRef]

39. Qureshi, A.; Sayed, A.H. Situation Analysis of the Water Resources of Lahore Establishing a Case for Water Stewardship; WWF-Pakistan
and Cleaner Production Institute (CPI): Lahore, Pakistan, 2014; pp. 1–45.

40. Cheema, M.; Bastiaanssen, W.G. Land use and land cover classification in the irrigated Indus Basin using growth phenology
information from satellite data to support water management analysis. Agric. Water Manag. 2010, 97, 1541–1552. [CrossRef]

41. Khan, S.; Rana, T.; Gabriel, H.F.; Ullah, M.K. Hydrogeologic assessment of escalating groundwater exploitation in the Indus Basin,
Pakistan. Hydrogeol. J. 2008, 16, 1635–1654. [CrossRef]

42. Basharat, M.; Ali, S.U.; Azhar, A.H. Spatial variation in irrigation demand and supply across canal commands in Punjab: A real
integrated water resources management challenge. Water Policy 2014, 16, 397–421. [CrossRef]

43. Anandhi, A.; Hutchinson, S.; Harrington, J.; Rahmani, V.; Kirkham, M.B.; Rice, C.W. Changes in spatial and temporal trends in
wet, dry, warm and cold spell length or duration indices in Kansas, USA. Int. J. Climatol. 2016, 36, 4085–4101. [CrossRef]

44. European Space Agency (ESA). Land Cover CCI Product User Guide Version 2; Tech. Rep.; 2017.
45. Bhatti, S.S.; Tripathi, N.K.; Nitivattananon, V.; Rana, I.A.; Mozumder, C. A multi-scale modeling approach for simulating

urbanization in a metropolitan region. Habitat Int. 2015, 50, 354–365. [CrossRef]
46. Hoornweg, D.; Pope, K. Population predictions for the world’s largest cities in the 21st century. Environ. Urban. 2017, 29, 195–216.

[CrossRef]
47. O’Neill, B.C.; Kriegler, E.; Riahi, K.; Ebi, K.L.; Hallegatte, S.; Carter, T.R.; Mathur, R.; van Vuuren, D.P. A new scenario framework

for climate change research: The concept of shared socioeconomic pathways. Clim. Change 2014, 122, 387–400. [CrossRef]
48. Arnold, J.G.; Srinivasan, R.; Muttiah, R.S.; Williams, J.R. Large area hydrologic modeling and assessment part I: Model develop-

ment 1. JAWRA J. Am. Water Resour. Assoc. 1998, 34, 73–89. [CrossRef]
49. Gujree, I.; Zhang, F.; Meraj, G.; Farooq, M.; Muslim, M.; Arshad, A. Soil and Water Assessment Tool for Simulating the Sediment

and Water Yield of Alpine Catchments: A Brief Review. In Geospatial Modeling for Environmental Management; CRC Press: Boca
Raton, FL, USA, 2022; pp. 37–57.

50. Srinivasan, R.; Arnold, J.; Jones, C. Hydrologic modelling of the United States with the soil and water assessment tool. Int. J.
Water Resour. Dev. 1998, 14, 315–325. [CrossRef]

51. Samimi, M.; Mirchi, A.; Moriasi, D.; Ahn, S.; Alian, S.; Taghvaeian, S.; Sheng, Z. Modeling arid/semi-arid irrigated agricultural
watersheds with SWAT: Applications, challenges, and solution strategies. J. Hydrol. 2020, 590, 125418. [CrossRef]

52. Neitsch, S.L.; Arnold, J.G.; Kiniry, J.R.; Williams, J.R. Soil and Water Assessment tool Theoretical Documentation Version 2009; Texas
Water Resources Institute: College Station, TX, USA, 2011.

53. Guo, J.; Su, X. Parameter sensitivity analysis of SWAT model for streamflow simulation with multisource precipitation datasets.
Hydrol. Res. 2019, 50, 861–877. [CrossRef]

54. Leta, O.T.; El-Kadi, A.I.; Dulai, H.; Ghazal, K.A. Assessment of SWAT model performance in simulating daily streamflow under
rainfall data scarcity in Pacific island watersheds. Water 2018, 10, 1533. [CrossRef]

55. Rogelj, J.; Popp, A.; Calvin, K.; Luderer, G.; Emmerling, J.; Gernaat, D. Scenarios towards limiting climate change below 1.5 ◦C
Nat. Clim. Change 2018, 8, 325.

56. Lutz, W.; KC, S. Dimensions of global population projections: What do we know about future population trends and structures?
Philos. Trans. R. Soc. B Biol. Sci. 2010, 365, 2779–2791. [CrossRef]

57. Van Vuuren, D.P.; Edmonds, J.; Kainuma, M.; Riahi, K.; Thomson, A.; Hibbard, K.; Hurtt, G.C.; Kram, T.; Krey, V.; Lamarque, J.-F.;
et al. The representative concentration pathways: An overview. Clim. Change 2011, 109, 5–31. [CrossRef]

58. Arshad, A.; Zhang, Z.; Zhang, W.; Gujree, I. Long-term perspective changes in crop irrigation requirement caused by climate and
agriculture land use changes in Rechna Doab, Pakistan. Water 2019, 11, 1567. [CrossRef]

59. Islam, A.; Sultan, S. Climate Change and South Asia: What Makes the Region Most Vulnerable? 2009. Available online:
https://mpra.ub.uni-muenchen.de/21875/ (accessed on 2 October 2022).

http://doi.org/10.3390/infrastructures7100144
http://doi.org/10.1016/j.gsd.2022.100743
http://doi.org/10.1016/j.jhydrol.2022.128295
http://doi.org/10.1016/j.gsf.2019.12.013
http://doi.org/10.1007/s13201-019-1041-6
http://hdl.handle.net/102.100.100/193016?index=1
http://doi.org/10.3390/rs14163950
http://doi.org/10.1016/j.agwat.2010.05.009
http://doi.org/10.1007/s10040-008-0336-8
http://doi.org/10.2166/wp.2013.060
http://doi.org/10.1002/joc.4619
http://doi.org/10.1016/j.habitatint.2015.09.005
http://doi.org/10.1177/0956247816663557
http://doi.org/10.1007/s10584-013-0905-2
http://doi.org/10.1111/j.1752-1688.1998.tb05961.x
http://doi.org/10.1080/07900629849231
http://doi.org/10.1016/j.jhydrol.2020.125418
http://doi.org/10.2166/nh.2019.083
http://doi.org/10.3390/w10111533
http://doi.org/10.1098/rstb.2010.0133
http://doi.org/10.1007/s10584-011-0148-z
http://doi.org/10.3390/w11081567
https://mpra.ub.uni-muenchen.de/21875/


Atmosphere 2022, 13, 2001 25 of 25

60. Pomee, M.S.; Hertig, E. Precipitation projections over the Indus River Basin of Pakistan for the 21st century using a statistical
downscaling framework. Int. J. Climatol. 2022, 42, 289–314. [CrossRef]

61. Ullah, I.; Saleem, F.; Iyakaremye, V.; Yin, J.; Ma, X.; Syed, S.; Hina, S.; Asfaw, T.G.; Omer, A. Projected changes in socioeconomic
exposure to heatwaves in South Asia under changing climate. Earth’s Future 2022, 10, e2021EF002240. [CrossRef]

62. Gondim, R.; Silveira, C.; Filho, F.D.S.; Vasconcelos, F.; Cid, D. Climate change impacts on water demand and availability using
CMIP5 models in the Jaguaribe basin, semi-arid Brazil. Environ. Earth Sci. 2018, 77, 1–14. [CrossRef]

63. Jampanil, D.; Suttinon, P.; Seigo, N.; Koontanakulvong, S. Application of input-output table for future water resources manage-
ment under policy and climate change in Thailand: Rayong province case study. Change 2012, 27, 29.

64. Khan, I.; Chowdhury, H.; Alam, F.; Alam, Q.; Afrin, S. An investigation into the potential impacts of climate change on power
generation in Bangladesh. J. Sustain. Energy Environ. 2012, 3, 103–110.

65. Price, J.I.; Chermak, J.M.; Felardo, J. Low-flow appliances and household water demand: An evaluation of demand-side
management policy in Albuquerque, New Mexico. J. Environ. Manag. 2014, 133, 37–44. [CrossRef] [PubMed]

66. Abbas, A.; Ullah, S.; Ullah, W.; Waseem, M.; Dou, X.; Zhao, C.; Karim, A.; Zhu, J.; Hagan, D.F.T.; Bhatti, A.S.; et al. Evaluation
and projection of precipitation in Pakistan using the Coupled Model Intercomparison Project Phase 6 model simulations. Int. J.
Climatol. 2022. [CrossRef]

67. Ashraf, S.; Nazemi, A.; AghaKouchak, A. Anthropogenic drought dominates groundwater depletion in Iran. Sci. Rep. 2021, 11,
1–10. [CrossRef]

68. Wu, W.-Y.; Lo, M.-H.; Wada, Y.; Famiglietti, J.S.; Reager, J.T.; Yeh, P.J.-F.; Ducharne, A.; Yang, Z.-L. Divergent effects of climate
change on future groundwater availability in key mid-latitude aquifers. Nat. Commun. 2020, 11, 1–9. [CrossRef]

69. Becker, R.; Koppa, A.; Schulz, S.; Usman, M.; der Beek, T.A.; Schüth, C. Spatially distributed model calibration of a highly
managed hydrological system using remote sensing-derived ET data. J. Hydrol. 2019, 577, 123944. [CrossRef]

70. Arnold, J.G.; Moriasi, D.N.; Gassman, P.W.; Abbaspour, K.C.; White, M.J.; Srinivasan, R.; Santhi, C.; Harmel, R.D.; Van Griensven,
A.; Van Liew, M.W.; et al. SWAT: Model use, calibration, and validation. Trans. ASABE 2012, 55, 1491–1508. [CrossRef]

71. Rodell, M.; Velicogna, I.; Famiglietti, J.S. Satellite-based estimates of groundwater depletion in India. Nature 2009, 460, 999–1002.
[CrossRef]

72. Mbuligwe, S. Physical Infrastructure Service and Environmental Health Deficiencies in Urban and Peri-Urban Areas; Elsevier: Amsterdam,
The Netherlands, 2011; pp. 189–198.

73. Muhammad, W.S. RURAL-URBAN MIGRATION (A CASE STUDY OF LAHORE DISTRICT). Ph.D. Dissertation, University of
the Punjab, Lahore, Pakistan, 2004.

74. Dilawar, A.; Chen, B.; Trisurat, Y.; Tuankrua, V.; Arshad, A.; Hussain, Y.; Measho, S.; Guo, L.; Kayiranga, A.; Zhang, H.; et al.
Spatiotemporal shifts in thermal climate in responses to urban cover changes: A-case analysis of major cities in Punjab, Pakistan.
Geomat. Nat. Hazards Risk 2021, 12, 763–793. [CrossRef]

75. Mumtaz, F.; Tao, Y.; de Leeuw, G.; Zhao, L.; Fan, C.; Elnashar, A.; Bashir, B.; Wang, G.; Li, L.; Naeem, S.; et al. Modeling
spatio-temporal land transformation and its associated impacts on land surface temperature (LST). Remote Sens. 2020, 12, 2987.
[CrossRef]

http://doi.org/10.1002/joc.7244
http://doi.org/10.1029/2021EF002240
http://doi.org/10.1007/s12665-018-7723-9
http://doi.org/10.1016/j.jenvman.2013.11.025
http://www.ncbi.nlm.nih.gov/pubmed/24361726
http://doi.org/10.1002/joc.7602
http://doi.org/10.1038/s41598-021-88522-y
http://doi.org/10.1038/s41467-020-17581-y
http://doi.org/10.1016/j.jhydrol.2019.123944
http://doi.org/10.13031/2013.42256
http://doi.org/10.1038/nature08238
http://doi.org/10.1080/19475705.2021.1890235
http://doi.org/10.3390/rs12182987

	Introduction 
	Materials and Methods 
	Study Area 
	Climate Data Collection and Evaluation 
	Hydrological and Hydrogeological Data Collection and Processing 
	Spatial Data Collection and Processing 
	Future Climate Change Projections 
	Future Land Use Change Projections 
	Projected Groundwater Projections 
	Hydrological Modeling Using SWAT 
	Hydrogeologic Modeling Using MODFLOW 
	Conceptualization of Scenarios Combination for Future Groundwater Level Projections 

	Results and Discussion 
	Climate Change Projections 
	Land Use Change Projections 
	SWAT Model Sensitivity Analysis 
	SWAT Model Calibration and Validation—For Discharge 
	SWAT Model Calibration and Validation—For Recharge 
	Groundwater Abstraction Projections 
	MODFLOW Sensitivity Analysis 
	MODFLOW Calibration—Steady State 
	MODFLOW Calibration—Transient 
	Groundwater Level Projections 
	Future Impact on Groundwater Resources 

	Policy Guidelines for the Adaptation of the Impact of Multiple Stresses on Groundwater Levels 
	Assumptions, Limitations, and Future Work 
	Conclusions 
	References

