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Abstract

Improper extraction of groundwater resources has led to a sharp decline in the water level of aquifers. To achieve sustainable
management of groundwater, it is very important to simulate the amount of recharging an aquifer by considering the physi-
cal properties of the relevant basin (such as soil properties, land use, irrigation, climate data and unsaturated layer). In the
present study, a groundwater modeling was accomplished to predict the recharge rate under the conditions of climate change
and irrigation reduction. Meteorological parameters in the next period (2021-2050) were simulated by ten climate change
models (GCMs) under emission scenarios. The combination of SWAT and MODFLOW models was also used to predict the
groundwater recharge rate. The results of forecasting climatic parameters in the next period (2021-2050) indicated that the
temperature will increase (0.66—1.68 °C) while the precipitation will decrease (4—14%). The recharge rate modeling revealed
that recharge values in heavy soils are less estimated compared to that of the light soils of the region. Also, the average
recharge rate of the whole aquifer in the next period under the RCP4.5 and RCP8.5 scenarios will decrease by 23 and 34%,
respectively. The simulation of reducing the irrigation requirements on the recharging rate indicated that with a 30% reduc-
tion of irrigation, the average recharging rate of the whole plain will decrease by 12%. Therefore, it is recommended to apply
policies to decrease irrigation requirements, such as the development of pressurized irrigation systems and the cultivation
of low-consumption plants, to help balance the aquifer.
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Introduction various challenges such as the severe decline in aquifer water

levels, drying up of streams and land subsidence (Sivaku-

Recent climate change and droughts have led to severe
depletion of surface water resources and uncontrolled extrac-
tion of groundwater resources. The imbalance between
recharging and withdrawing from aquifers has resulted in the
instability of groundwater. This event has posed basins with
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mar et al. 2005; Chunn et al. 2019; Chitsazan et al. 2020).
Groundwater recharge is an important part of the hydrogeo-
logical cycle in arid and semi-arid regions, and understand-
ing its processes is very vital for the sustainable develop-
ment of water resources. Many basin parameters such as
soil characteristics, topography, rainfall, saturated layer
thickness, evapotranspiration, surface water, and climate
changes are effective in the recharge amount. Therefore,
these parameters should be considered for accurate simu-
lation of recharging aquifers. For this purpose, integrated
modeling of surface and groundwater in a basin is required
(Fleckenstein et al. 2010; Gilfedder et al. 2012; Chunn et al.
2019; Gyamfi et al. 2017).

In recent decades, with the growth of computer systems,
the accuracy of hydrological models for integrated mode-
ling of surface and groundwater has increased. Models that
are developed to simulate surface—groundwater interaction
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include MODFLOW, MODHMS, GSFLOW, WEAP and
SWAT. Among different computer models, MODFLOW
and SWAT are more used in the comprehensive manage-
ment of surface and groundwater resources (McDonald and
Harbaugh 1988; Arnold et al. 1998; Neitsch et al. 2011). AS
the SWAT surface water model has significant conceptual
limitations to groundwater flow simulation, its integration
with the MODFLOW groundwater model has had a wide
range of successful applications in various studies (Yidana
and Chegbeleh 2013; Guzman et al. 2015; Abbaspour et al.
2015; Farhadi et al. 2016; Mishra et al. 2017).

Kim et al. (2008) simulated the groundwater recharge
and groundwater level in South Korea’s Musimcheon Basin
using a combination of SWAT and MODFLOW models.
They used the exchange of flow data between SWAT model
HRUs and MODFLOW model cells, and calculated the spa-
tial distribution of monthly recharging values according to
climatic parameters, soil type, vegetation, and basin slopes
between 15 and 200 mm per month. Their results illustrated
that the combination of the SWAT-MODFLOW model will
be very useful for the sustainable development of ground-
water. Raposo et al. (2013) studied the effects of climate
change on groundwater recharge using the SWAT model
in the Galicia-Costa Basin of Spain. Their consequences
showed that the effect of climate change on the average
annual recharge is small, but its effects on the temporal dis-
tribution of recharge are high so that in the future the main
recharge occurs in winter, and recharging in summer and
autumn will be drastically reduced. In the dry season, the
amount of reduction in recharge will reach 30%. Izady et al.
(2015) used SWAT and MODFLOW models to concurrently
simulate surface and groundwater in the Neishaboor Basin
area of Iran. Their results showed that the spatial distribu-
tion of recharge is affected by natural features and varies
between 0 and 960 mm along the aquifer surface. Also, the
average annual recharge of the aquifer during the simula-
tion period (2000-2010) is estimated to be about 176 mm.
Gyamfi et al. (2017) used SWAT software for dynamic mod-
eling of the groundwater recharge in the Olifants Basin of
South Africa. Their results showed that the changes in land
use created in urban, agricultural, and rangelands during
2000-2013 caused the amount of groundwater recharge to
decrease continuously. Chunn et al. (2019) used the SWAT-
MODFLOW integrated model in the Little Smoky Basin
of Canada to simulate the impact of climate change and
groundwater abstraction on surface water-groundwater
interactions. Their consequences showed that more ground-
water abstraction could have immediate and more severe
effects on river surface water flow compared to future cli-
mate change (2010-2014). Their study also indicated the
importance of simultaneously examining surface—groundwa-
ter interactions as an integrated system because the demand
of one has a direct effect on the other. Azeref and Bushira
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(2020) employed MODFLOW numerical model and water
balance equations to simulate the groundwater level of the
Kombolcha catchment in northern Ethiopia. To predict the
behavior of the aquifer to future changes, they defined two
scenarios of increasing well extraction and reducing ground-
water recharge. Their results showed that with 25, 50, and
100% reduction in the recharging, the groundwater level will
decline by 4.27, 6.34 and 11.25 m, respectively. Yifru et al.
(2020) used the SWAT-MODFLOW hybrid model to study
the spatial and temporal distribution of recharging in the
Han River sub-basins of South Korea. Their results showed
that the highest amount of recharging occurred in lowland
areas between July and September, and the average annual
recharging reached about 18% of the rainfalls. Therefore, the
consequences of various studies display that the simultane-
ous use of SWAT and MODFLOW models has an important
role in surface and groundwater interactions.

In recent decades, uncontrolled abstraction of groundwa-
ter resources has caused a sharp drop in groundwater levels
and the creation of sinkholes in the Kavar plain of Fars prov-
ince. In this study, to predict the behavior of an aquifer to
future changes, the simulation of its groundwater recharge
under the conditions of climate change and reduction of irri-
gation requirements has been evaluated using SWAT and
MODFLOW models. To achieve this goal, the following
questions will also be answered:

(1) What will be the changes in climate parameters in the

next period (2021-2050)?

(i1)) What is the spatial distribution of recharge values in
the region?

(iii) What will be the effects of the climate change on
recharging in the next period?

(iv) What effect will the reduction of the irrigation
requirement have on recharge values?

The effects of different parameters on recharge values
have been comprehensively evaluated for the first time in
the region, which can help the sustainable water resources
management.

Materials and methods
Study area

The study area of Kavar plain is one of the sub-basins of the
Mand basin, which is located in Fars province of Iran. Kavar
plain is one of the most fertile plains for agriculture. The
average height of the plain is 1510 m, the area is 480 square
kilometres, and the average annual rainfall is 320 mm. This
plain is located in the range of 52°37' to 52°53' East longi-
tude and 29°5' to 29°22' North latitude. According to the
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statistics of the Agricultural Organization of Fars Province,
the cultivation pattern of the region includes wheat, bar-
ley, canola, sugar beet, alfalfa, tomatoes, onions, legumes,
maize (Grain), maize, grapes, pistachios, and orchards. The
net agricultural area of the plain is about 13,700 hectares
(Anonymous 2018; www.fajo.ir). Plain water resources for
agricultural purposes consist of surface water resources
(Qara Aghaj River) and groundwater resources (wells).
Thus, on average, 45 million cubic meters of surface water
is supplied annually through traditional streams (Qara Aghaj
River) and 140 million cubic meters through pumping from
groundwater sources. In recent decades, groundwater extrac-
tion has been increased due to drought so that the aquifer
of the region has been under pressure and the water level is
decreased significantly. (Anonymous 2015; www.frrw.ir).
Therefore, it is necessary to plan for the sustainable use of
groundwater. The location of Kavar plain is shown in Fig. 1.

The data required for the research were collected from the
Agricultural Organization, the Regional Water Company,
and the Meteorological Organization of Fars. Daily mete-
orological data including rainfall, air temperature (maximum
and minimum), sunshine, and wind speed were collected
from the stations located in the basin (Kavar rain gauge and
Shiraz synoptic) for 57 years (1961-2018). To prepare the
conceptual model of the region in GIS, first, geological,
soil, topographic, hydrological boundaries, hydrogeologi-
cal boundaries, abstraction sources, recharge sources, Cross-
sections of the inlet and outlet information were collected.
Then, these data were processed as different information
layers in ArcMap software. Maps of slope, landuse, soil, and
pumping wells are shown in Figs. 2 and 3.

[ Study Area
~~ Qara Aghaj river
1'% Aquifer Border

Kilometers,
8§ 10 12

Fig. 1 Location map of Kavar plain in Fars province of Iran

Climate change can affect groundwater recharge and irri-
gation requirements by changing meteorological parameters
such as precipitation and temperature. In this study, GCMs
provided by the Intergovernmental Panel on Climate Change
(IPCC) have been employed to investigate climate changes
in the region. These models are capable of predicting mete-
orological parameters for future conditions (Adopted 2014;
Chunn et al. 2019). Estimating groundwater recharge is a
complex task. Investigating surface and groundwater inter-
actions by considering the physical properties of the basin
can provide a better picture of the recharging rate of aqui-
fers. Therefore, surface and groundwater models (SWAT
and MODFLOW) were used to estimate the groundwater
recharge. Accordingly, the characteristics of hydrological
response units (HRUs) in the SWAT model were exchanged
with the cells of the MODFLOW model. Then, with the
help of this cell transformation, the spatial distribution of
recharging rate in the whole aquifer was simulated. The
behavior of the aquifer to future changes was also evaluated
(Neitsch et al. 2011; Abbaspour et al. 2015; Gyamfi et al.
2017; Chunn et al. 2019).

MODFLOW model

The MODFLOW model is the most common standard
numerical model used to simulate groundwater flow in
porous multilayer aquifers. This program has been devel-
oped and published by experts from the United States Geo-
logical Survey (McDonald and Harbaugh 1988; Harbaugh
2005). The MODFLOW model can simulate recharging,
discharge, evapotranspiration, and groundwater flow. The
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Fig.3 a Land use and b Pumping Wells maps of the study area

equations governing groundwater flow are the combina-
tion of the Darcy equation and continuity. The resulting
equation can be developed by accepting hypotheses for
hydraulic conductivity and the geometric position of the
aquifer in certain modes. The equation governing open
aquifers with the unstable flow is Eq. 1, which is known
as the Boussinesq differential equation (Kashef 1986; Har-
baugh 2005).
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where S, is the specific discharge, K is the hydraulic con-
ductivity, and h is the hydraulic head at any point on the
groundwater surface. There are 1253 deep and semi-deep

wells in the study area, which discharge an average of 140
million cubic meters of water annually for agricultural uses.
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Fluctuations in the aquifer water level are measured monthly
by 23 observation wells. The consequences of these meas-
urements show that the water table drop in the aquifer during
the census period (1996-2018) is 32 m. In case of uncon-
trolled abstraction of groundwater, in addition to drying of
the water surface of wells in the areas where the thickness
of the saturation layer is low, the annual subsidence rate will
also increase (Anonymous 2015).

As the MODFLOW model has limitations in the field to
calculate the groundwater recharge accurately, surface water
models are used to simulate the interaction of surface water
with groundwater (Izady et al. 2015; Chunn et al. 2019;
Yifru et al. 2020).

SWAT model

The SWAT model has been developed by the United States
Department of Agriculture, Agricultural Research Service
(USDA-ARS) to simulate hydrological processes such as
runoff, evapotranspiration, deep percolation, and subsur-
face flows (Arnold et al. 1998). The SWAT model divides
the basin into several sub-basins and also each sub-basin
into several hydrological reaction units (HRUs). HRUs are
homogeneous in terms of land use, topography, waterways,
and soil characteristics. SWAT calculations are performed
for each HRU; then based on the percentage of HRU area in
the sub-basin, the outputs are expanded for the whole basin.
(Abbaspour et al. 2015). The water balance equation in the
SWAT model is calculated by Eq. 2 (Arnold et al. 1998;
Neitsch et al. 2011) as follows:

t

Swt = SVVO + Z(Rday - qurf - Ea - Wseep - ng)’ )

i=1

where SW, is the final soil moisture content (mm), SW,, is
the initial soil moisture content (mm), t is the time (days),
Ry, is the amount of precipitation (mm), Oy, is the amount
of runoff (mm), E, is the evapotranspiration (mm), W,
is the amount of water leakage from the soil profile that
enters the unsaturated area (mm), and ng is the amount of
the returned water (mm). To model the surface water of the
study area, at first, basic information such as meteorology,
hydrometric, DEM map, and land use were entered into the
SWAT model, then the SWAT-CUP model was employed for
calibration and validation (Abbaspour 2011). In the SWAT
model, the study area is divided into 56 sub-basins and 491
HRUSs as shown in Fig. 4. To calibrate and validate the mod-
els, the measured data were used during a period from 2008
to 2018. The data of the period from 2008 to 2014 were
employed for calibration and the period from 2015 to 2018
were used for validation.

In this research, the simulation results have been evalu-
ated by statistical criteria of the determination coefficient

[] Basin
["] Sub-basin
[ | HRU

DEM.tif
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= Low:1433 012 4 6 8 10 12

Fig.4 Dividing Kavar basin in SWAT model

(R?), mean square root error (RMSE), and Nash—Sutcliffe
coefficient (NSE).

Climate change models

In this study, the outputs of 10 GCM climate change mod-
els under the emission scenarios of RCP 2.6, RCP 4.5, and
RCP 8.5 were used to predict the meteorological parame-
ters of temperature, rainfall and also to calculate the water
requirement in the future (2021-2050) (Adopted 2014).
Various downscaling methods have been developed to
generate regional climatic scenarios from General Atmos-
pheric Cycle Models (GCM). The LARS-WG model is
a downscaling model generating climate time series that
can simulate atmospheric data for future conditions. This
model has been employed in different climates and has
provided satisfactory consequences in the production of
various climatic parameters (King et al. 2012; Etemadi
et al. 2014; Khajeh et al. 2017; Al-Safi and Sarukkalige
2020).

To evaluate the simulation of climatic parameters
obtained from GCM models in the future, the weighted
average method was used. Thus, each of the GCM models
was given a weight based on the amount of deviation of
the mean temperature or rainfall deviation simulated in the
base period from the average of the observed observational
data according to Eq. 3 (Gohari et al. 2013; Kouhestani
et al. 2016; Goodarzi et al. 2016; Al-Safi and Sarukkalige
2020) as follows:
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where W, ; is model weight j per month i, Ad is the differ-
ence between the mean temperature or simulated rainfall
and its observational value in the base period. The study
development and modeling process is presented diagram-
matically in Fig. 5.

Results and discussion
Evaluation of SWAT and MODFLOW model results

In the MODFLOW model, the input parameters to the
model, including the relevant recharge can be simulated by
changing the initial values through the PEST software pack-
age. However, since such calculation of recharging values
has uncertainties, we used the SWAT surface water model to
do the same. Calibration and validation of the SWAT model
is performed through the SWAT-CUP software package and
the MODFLOW model is fulfilled through the PEST soft-
ware package (Doherty et al. 1994; Abbaspour 2011).

The observed and simulated monthly discharge of the
basin output (hydrometric station) presented by the SWAT
model in both calibration and validation modes from 2008
to 2018 are shown in Fig. 6. The results of the values of sta-
tistical parameters for calibration (R2 =0.86, RMSE =2.56,
NSE =0.88) and validation (R*=0.82, RMSE = 3.05,
NSE =0.85) illustrated that there is a good agreement
between the observed and simulated values. The model also
predicts the runoff well. Only the maximum runoff is less
than the actual values simulated, which is probably due to
the inaccuracy of the snowmelt process in the modeling.
This challenge has also been observed in other studies (Izady
et al. 2015; Kouhestani et al. 2016; Abbaspour et al. 2015).
To calibrate the MODFLOW model, at first, the recharge
values obtained from the SWAT model were replaced by
the MODFLOW recharge package, then the water table was
simulated. Observational and simulated water table levels
during the whole period (2008-2018) in an unstable state are
presented in Fig. 6. The consequences of statistical analy-
sis of R2=0.82, RMSE = 3.45, and NSE =0.83 showed that
the simulated water table was associated with an acceptable
error.

The average parameters of surface water balance calcu-
lated by the SWAT model for the whole basin in the simu-
lation period (2008-2018) are summarized in Table 1.
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Fig.5 The flowchart of the study procedure
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simulated water table values in the Modflow model

Table 1 Mean values of surface water balance parameters calculated
by SWAT during the simulation period (2008-2018) for the basin

Parameters Value

Precipitation (mm) 357.30

The net amount of water that leaves the subbasin and con- 102.54
tributes to the streamflow in the reach (Water Yield; mm)

Actual Evapotranspiration (mm) 235.0

Percolation (mm) 33.02

These parameters include precipitation, total surface run-
off, lateral flow, and groundwater flowing in the main
river flow (Water Yield), actual Evapotranspiration, and
percolation. The results indicated that the average annual
percolation is estimated at 33 mm. According to the com-
bined model of SWAT and MODFLOW, the Kavar plain
aquifer is generally charged through three main sources.
These three sources include rainfall, underground inflow,
and irrigation. The average monthly recharging rate over
the simulation period (2008-2018) is shown in Fig. 7.
It can be seen that the highest charging rates in Febru-
ary, March, April, and May are estimated at 47, 71, 69,
and 63 mm, respectively. These months have the larg-
est share of recharge. Therefore, during these months,
it is possible to charge the aquifer by collecting rain and
runoff through the implementation of artificial charging
schemes. Similar results have also been reported in other
studies (Goodarzi et al. 2016; Zarei et al. 2016).

80

70

60

50

40

30

Recharge Rate (mm)

10

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig.7 Average monthly recharge rate calculated during the simula-
tion period (2008-2018)

Effects of climate change

In this study, 10 general circulation models (GCMs) under
different emission scenarios (RCP2.6, RCP4.5 and RCP8.5)
were used to predict climatic parameters (Adopted 2014).
Meteorological parameters of rainfall as well as maximum
and minimum temperatures for the next period (2021-2050)
were simulated by the LARS-WG exponential downscal-
ing model. To evaluate the results of GCMs models, the
weighted averaging method was applied. Thus, the mod-
els whose consequences were more consistent (less mean
deviation) with the base period time series were given more
weight. The weights of the different GCM models for the

@ Springer
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predicted climatic parameters are presented in Table 2. The
results of this table showed that the MRI-CGCM3 model
has a good accuracy for forecasting the rainfall. Also for
maximum and minimum temperatures, MIROCS5 and
CSIRO-Mk3.6.0 models have the best performance of pre-
diction. These results are consistent with the results of other
researchers who employed the same method (Gohari et al.
2013; Goodarzi et al. 2016; Kouhestani et al. 2016; Al-Safi
and Sarukkalige 2020).

The simulation of temperature and rainfall parameters
in the next period (2021-2050) is presented in Fig. 8. The
consequences indicated that the increase in temperature var-
ies in different months of the year. The maximum tempera-
ture increase was simulated under the emission scenarios
of RCP2.6, RCP4.5, and RCP8.5 at 0.69, 1.14 and 1.68 °C,

Table2 The Weights of different GCMs models for estimating cli-
matic parameters

Number Model Tmax Tmin Rain
1 BCC-CSM1.1 0.04 0.04 0.08
2 CanESM2 0.21 0.17 0.12
3 CSIRO-MK3.6.0 0.17 0.22 0.10
4 GFDL-CM3 0.09 0.10 0.09
5 GISS-E2-R 0.04 0.09 0.09
6 HadGEM2-ES 0.10 0.08 0.07
7 MRI-CGCM3 0.05 0.05 0.15
8 MIROC5 0.24 0.19 0.13
9 MIROC-ESM 0.04 0.05 0.08
10 NorESM1-M 0.03 0.03 0.08
2.0
a
1.5 1
1.0 A
)
D
= /\/\/\
0.5 1
00 m== e rc e ==
RCP2.6 RCP4.5
RCP8.5 — — — Base period
'0.5 T T T T T T T T T T T
S © 5 B » g8 B o9 & 8 2 g
EE2232225324%
Month

respectively. Also, the minimum increase of temperatures
including 0.66, 1.05, and 1.61 °C is predicted. The outcomes
of rainfall simulation show its average annual decrease in
the next period. This decrease varies under different sce-
narios. The highest rainfall reduction under the RCP8.5
scenario is estimated at 42 mm (14% reduction). Also, the
decrease amounts in rainfall under the scenarios of RCP2.6
and RCP4.5 are predicted to be 14 and 31 mm (decreases of
4 and 9%) for the next period, respectively. The temperature
and precipitation changes estimated for the next period are
very close to the research conducted in regions with similar
climates (Gohari et al. 2013; Goodarzi et al. 2016; Khajeh
et al. 2017).

The SWAT model utilizes the following three meth-
ods: Penman—Monteith, Priestley-Taylor, and Hargreaves,
to calculate the evapotranspiration of the reference plant.
Considering that the outcomes of using the Penman—Mon-
teith method were satisfactory in comparison with the data
of measuring soil and water balance in areas with similar
climates, this method was employed (Sepaskhah and Fool-
admand 2004; Rafiee et al. 2016). Therefore, the effect of
climate change on the annual evapotranspiration of differ-
ent plants (ETc) in the region under different emission sce-
narios in the next period (2021-2050) was estimated. The
consequences revealed the increase in water requirement of
different plants (ETc) for the RCP2.6 scenario between 3
and 4.5, while for the RCP4.5 scenario between 5 and 7 and
for RCP8.5 scenario between 8 and 10% are foreseen. The
review of previous studies also shows that the water require-
ment of plants will increase due to climate change (Gohari
et al. 2013; Goodarzi et al. 2016; Chaemiso et al. 2016).
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Fig.8 a Monthly temperature changes in the next period (2021-2050) compared to the base period. b Reduction of annual rainfall in the next
period (2021-2050) compared to the base period
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The effects of the climate change
on the groundwater recharge

In order to investigate the impacts of the climate change
on the groundwater recharge, a spatial distribution map of
aquifer recharge must first be prepared. Therefore, the spa-
tial recharge values calculated by the SWAT model were
entered into the MODFLOW model, and other corrections
were made in this model. Then, utilizing ArcGIS software,
a spatial distribution map of the recharge values or homo-
geneous recharge zones was prepared according to Fig. 9.
It can be seen that the underground aquifer of Kavar plain
is divided into 5 homogeneous recharge zones in which the
average annual recharge values vary from 20 to 70 mm.
Areas with high recharge are the main zones that charge
the aquifer, which is significant. Therefore, excessive water
abstraction in these zones must be avoided because it causes
vulnerability to the entire plain. Areas with lower values are
also at greater risk for changes in recharge parameters. Also,
the average annual net recharge of the whole aquifer is esti-
mated at 43 mm, which reaches about 12% of the rainfall. In
general, the spatial distribution of the groundwater recharg-
ing rate is estimated to be variable according to the physical
characteristics of the aquifer (Izady et al. 2015; Goodarzi
et al. 2016; Zarei et al. 2016; Yifru et al. 2020).

By applying the parameters of different emission sce-
narios of RCP4.5 and RCP8.5 in the SWAT-MODFLOW
model, the impacts of climate change on groundwater
recharge values in the future period (2021-2050) was evalu-
ated. The spatial distribution map of the possible percentage

Recharge Rate
(mm/y)

[] Z1 (20 - 30)
[ Z2 (30 - 40)
B Z3 (40 - 50) 1. \
Bl 74 (50 - 60) ¢

B Z5 (60 - 70) AN
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Fig.9 Spatial distribution map of the average annual recharge rate to
the underground aquifer

reduction of recharge under two scenarios of RCP4.5 and
RCP8.5 is presented in Fig. 10. The simulation results under
the RCP4.5 scenario in the next period showed that with
increasing the average temperature by 1.1 °C and decreas-
ing the annual rainfall by 9%, the amounts of the reduced
recharge in different parts of the region will reach about
15-25%. Also, the average rate of reduction of the total aqui-
fer recharge under this scenario is predicted to be about 23%.
The percentage of the reduced recharge in the next period
under the RCP8.5 scenario is further estimated. Thus, with
a 14% decrease in the rainfall and an average temperature
increase of 1.65 °C, the rate of the possible reduction of the
recharge in different places is predicted to be between 25 and
40%. Also, the average reduction of the total aquifer recharge
under this scenario is estimated to be 34%. The results of
previous studies also show that the rate of groundwater
recharge is reduced due to climate change, and this reduc-
tion is significant, especially in vulnerable areas (Raposo
et al. 2013; Goodarzi et al. 2016; Haidu and Nistor 2020).

A comparison of soil maps with spatial distribution maps
of recharge under emission scenarios showed that recharge
changes are different according to the characteristics of the
aquifer soils. In general, the heavier the soil texture (Clay
and Clay Loam), the lower the recharging values will be
estimated. The reason is a higher water storage capability in
this type of soil. Also, the lighter the soil texture (Loam and
Sandy Loam), the more recharging values are obtained due
to the greater deep percolation. In the study area, water level
fluctuations have been measured monthly by 23 observation
wells. The results of measurements indicated that the rate
of drop in the aquifer water levels in different wells varied
during the census period. The average annual values of the
measured water level of two observation wells in two differ-
ent soils during the period from 1996 to 2018 are presented
in Fig. 11. It is observed that the rate of the water level drop
in heavy soil (Clay) was about 45 m (average 2 m per year)
and in the medium soil (Loam) it is about 24 m (average 1 m
per year). It can be concluded that the amount of recharge in
the heavy soils of the region is much less compared to that
of the light soils. Therefore, to prevent further decline in
groundwater levels, the abstraction in these areas should be
reduced. Accordingly, the development of pressurized irriga-
tion systems (especially drip irrigation) and the cultivation
of low-consumption plants can be prioritized for these zones.
In previous studies, the investigation of recharging rate in
terms of soil type has received less attention (Goodarzi et al.
2016; Chunn et al. 2019; Haidu and Nistor 2020), while the
results of this study showed that considering this issue can
help to balance the aquifer.

The hydrograph of the aquifer unit is plotted in Fig. 11
to better understand the water table drop between 1996 and
2018. It is observed that the average drop of the aquifer
was about 32 m (average of 1.5 m per year). Also in this
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Fig. 11 a Average annual water level measured in two observation wells from 1996 to 2018. b Aquifer unit hydrograph from 1996 to 2050

figure, the aquifer water level is simulated by the MOD-
FLOW model under the current operation trend (reference)
and the RCP8.5 emission scenario for the next period
(2021-2050). It is observed that the drop in the aquifer
water level will increase by about 15% on average annu-
ally, considering the future climate change. Izady et al.
(2015) reported the average annual drop in groundwater
level for a semi-arid region in Iran to be about 1 m without
considering climate changes.

@ Springer

Assessing the reduction of irrigation requirements
on the groundwater recharge

In order to balance the supply and demand of water in the
study area, the development of pressurized systems and
changing the cultivation pattern towards low-consumption
crops is inevitable. At present, according to the measure-
ments, the gravity irrigation efficiency of the region is
about 47% and the efficiency of pressurized irrigation
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(mainly tape irrigation) is about 67% (Abbasi et al. 2017).
Since up to 60% of the region is irrigated by gravity,
increasing irrigation efficiency, especially in zones with
low recharge capacity, will help to balance the ground-
water aquifer. This factor, along with replacing high-
consumption plants in the region such as alfalfa, sugar
beet, corn, wheat, grapes, and orchards with plants such
as canola, legumes, and pistachios will have a significant
impact on reducing water consumption.

In this study, it is assumed that by applying different
policies, the irrigation requirements of the plain will be
reduced by about 30%. For this purpose, sensitivity analy-
sis was used to investigate the effect of reducing the irriga-
tion requirements on the amount of the recharge. Accord-
ingly, the amount of irrigation was reduced between 0 and
30% in the SWAT model and while other input parameters
were kept constant, the amount of recharge to the aquifer
was estimated. The sensitivity analysis of the irrigation
reduction in the homogeneous recharge zones is presented
in Fig. 12. It is observed that with a 30% reduction in irri-
gation, the amount of recharge in different zones declines
between 8 and 16% (average 12%). Decreasing irrigation,
in addition to reducing abstraction from aquifers, will also
reduce the loss of water transport and distribution of water.
Consequently, the implementation of these policies, which
have received less attention in previous research, despite
the fact that it will lead to a reduction in the groundwater
recharge, can greatly contribute to balance the groundwa-
ter in the long run and also be considered by executives
(Liu et al. 2013; Bushira et al. 2017; Chunn et al. 2019;
Yifru et al. 2020; Wable et al. 2021; Izady et al. 2022).
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Fig. 12 Sensitivity analysis of the recharge rate to the decrease of
irrigation in different zones

Conclusion

In this study, the simulation of the effects of climate
change and reducing the irrigation requirements on the
groundwater recharge were studied using a combination
of SWAT and MODFLOW models, and also the spatial
distribution of plain recharge rates for different conditions
was analyzed.

Evaluation of different climate change models showed
that MRI-CGCM3, MIROCS, and CSIRO-Mk3.6.0 mod-
els have the highest accuracy for predicting rainfall, and
maximum and minimum temperatures, respectively. The
average temperatures of the region under RCP2.6, RCP4.5,
and RCP8.5 emission scenarios will be increased by 0.68,
1.05, and 1.65 °C for the next period (2021-2050), respec-
tively. Also, the average annual rainfall of the region under
RCP2.6, RCP4.5 and RCPS8.5 scenarios will be decreased
by 4, 9 and 14%, respectively, for the next period.

Recharge rate modeling revealed that the highest
amount of the aquifer recharge occurs in February, March,
April and May. Therefore, by controlling the runoff, the
aquifer can be artificially charged during these months.
Also, the average annual recharge of the aquifer is esti-
mated at 43 mm, which reaches about 12% of the rainfall.

Assessing the effects of climate change on the aqui-
fer recharge in the next period revealed that the spatial
distribution of reduced recharging rates in different parts
of the aquifer is varied. The average recharge rate of the
whole aquifer under RCP4.5 and RCP8.5 scenarios will be
reduced by 23 and 34%, respectively. Also, the simulation
of the groundwater level by the MODFLOW model in the
next period showed that the annual drop of the ground-
water level will increase under the conditions of climate
change.

The outcomes of comparing the spatial distribution
maps of groundwater recharge with physical properties
of the aquifer indicated that the recharge values vary
according to the type of soil. Heavier-textured soils (Clay
and Clay Loam) had lower recharge values than lighter-
textured soils (Loam and Sandy Loam). Investigating
the water levels measured in the observation wells also
confirmed that the drop in the water level was more in
the heavy soils of the region. It can be said that the main
reason for this is less recharge of these types of soils.
Therefore, it is suggested to prioritize the development
of pressurized irrigation systems and cultivation of low-
consumption plants in soils with heavy texture. This strat-
egy can prevent the further drop of the groundwater level
in the region.

The outcomes of reducing the irrigation requirements
on the recharge rate showed that with a 30% reduction in
irrigation, the average recharge rate of the whole plain
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decreases by 12%. Consequently, the implementation of
policies to reduce the irrigation requirements, especially
in areas that are more vulnerable to changes in recharging
rate, can help to balance the groundwater in the region in
the long term.
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