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Abstract

In addressing management scenarios and climate changes, it is necessary to consider surface water and groundwater resources
as an integrated system. In this context, the present research first simulates and evaluates surface water and groundwater
simultaneously; then, it examines the possible effects of climate change on these water resources in the study area (Mahabad,
Northwest of Iran). In the first stage, the WEAP-MODFLOW model was applied to a 10-year period (2006-2015) in order
to take into account the interactions between surface water and groundwater and calibrate the amount of recharge and drain-
age from the aquifer. In the second stage, in order to study the effect of climate change on surface water and groundwater
resources, we compared the micro-scale model outputs under the RCP4.5 scenario for different climate change models in the
period 2021-2045. The results show that root-mean-square error (RMSE) and mean absolute error (MAE) scores are equal
to 0.89 and 0.79 in unsteady conditions, respectively, which confirm the efficient performance of groundwater simulation. In
addition, the results of the WEAP model based on MARE assessment criteria for calibration and validation modes are equal
to 0.54 and 54.0, respectively. This finding provides evidence for the efficient performance of the simulation model. Once
the interactions between groundwater and surface water were specified, the results R* and NS suggested that indices were
equal to 0.62 and 0.59, respectively, for Mahabad hydrometric station. The efficient performance of the proposed model for
runoff simulation was therefore confirmed. Owing to climate change in the study period, groundwater decreased by about
1.6—-1.9 m. Moreover, the amount of runoff declined from 0.1 to 0.001 MCM/month in all months except December. Unless
appropriate decisions are taken to improve groundwater and strategies are applied to reduce the effect of climate change,
under the present conditions this region will suffer irreparable damages in the future.
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Introduction

Proper management of surface water resources (including
dams and rivers) and groundwater resources requires paying
special attention to all parameters of hydrologic balance.
Water consumption management is vital in arid and semiarid
regions. The agricultural sector is the largest consumer of
water, accounting for about 70% of the consumption of fresh
water resources (FAO 2017).
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Water shortage and restriction of water resources is cur-
rently a major problem in Iran. Therefore, the role of water
resource and consumption management is especially impor-
tant due to an increasing demand for water. In addition, Iran
is located in an arid and semiarid region. Population growth,
urbanization and expansion of urban areas, and industrial
and agricultural developments have led to an increased
water demand (Hashemi et al. 2018; Ostad-Ali-Askari
2022). Under these circumstances, water resource manage-
ment is crucial in order to maintain the balance between
water demand and consumption (Kayhomayoon et al. 2021).
Therefore, it is necessary to have a sound understanding of
the natural behavior of the hydrological system in order to
manage hydrological phenomena. Since surface water and
groundwater resources are the two main systems for meeting
water demand, it is necessary to take their capacities and
limitations into consideration (Milan et al. 2023).
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Groundwater is one of the resources of irrigation water
(Barati 2020a, b). Reasonable and balanced exploitation
of these resources ensures their sustainable use, and their
excessive exploitation ends in their depletion (Milan et al.
2023; Kayhomayoon et al. 2022; Nematollahi and sanayei
2022; Maghrebi et al. 2023; Ostad-Ali-Askari et al. 2022).
Indeed, excessive extraction of groundwater affects the qual-
ity and quantity and other areas such as the environment,
agriculture, and industry. It is therefore necessary to main-
tain a balance in using these resources in order to preserve
and restore water ecosystems such as rivers and wetlands.

In recent years, ignoring the potential capacities of sur-
face water and groundwater resources in different regions of
Iran has caused various problems such as water shortage in
the urban, agricultural, and industrial sectors as well as envi-
ronmental damages such as loss of wetlands (Milan et al.
2023; Tork et al. 2022; Du et al. 2022). Integrated water
resource management with an emphasis on conjunctive
water use from surface water and groundwater resources is
part of the agenda of the organizations responsible for water
exploitation. Conjunctive water use implies the exploitation
of both surface water and groundwater resources in order to
supply water demand. Development of groundwater exploi-
tation has considerable advantages and fewer disadvantages
compared to surface water exploitation strategies such as
construction of dams (Scanlon et al. 2023; Wu et al. 2022).
It is more cost-effective, it does not cause problems such as
deposition and precipitation, there are fewer issues related
to quality, and it does not involve social and cultural chal-
lenges. The water evaluation and planning system (WEAP)
model is able to simultaneously take into consideration dif-
ferent important factors that impact natural and man-made
water resource management systems and river basin man-
agement. This model is easily accessible and is widely used
on a global scale for solving similar problems (Shafa et al.
2023; Ostad-Ali-Askari 2022). These qualities have attracted
researchers’ attention to the WEAP model. In regions where
aquifers and rivers are used in an integrated fashion, ground-
water is considered as a good option for exploitation in case
of a river drought. Since there is a mutual effect between
the hydrological cycles of surface water and groundwa-
ter resources, water-level decline in one of the resources
inevitably impacts the other (Dehghanipour et al. 2019).
Consequently, surface and groundwater resources must be
used and considered simultaneously in water consumption
management in order to optimally exploit all the potentials
of the existing water resources while preserving them at
the same time. Therefore, using numerical models such as
MODFLOW is essential in understanding the behavior of
groundwater resources. The objective of the mathematical
model of an aquifer is to simulate the natural behavior of
the aquifer through a series of mathematical relations. In
this simulation, the river is considered as a surface water
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resource and the model explores the interactions between
the two water resources. If we simulate an integrated sys-
tem of surface water and groundwater resources and tune
it with natural conditions, we can easily study the impact
of exploitation on the aquifer by changing the location,
time, and amount of exploitation. Conjunctive use of sur-
face water and groundwater resources can help preserve the
existing water resources, improve the effectiveness of water
resource management, and minimize the negative effects
of the conventional approach, which is focused on a single
water resource. Integrated use of water resources aims to
increase possible exploitation amount while maintaining
sustainable use of the existing water resources. This strat-
egy reduces the costs of exploitation, makes sustainable use
possible while groundwater resources are used as supple-
mentary sources, and helps maintain surface water resources
approximately within the same level at times of drought and
wet years (Banihabib et al. 2017; Dehghanipour et al. 2020;
Dehghanpour et al. 2019).

Climate changes affect the duration, intensity, type, and
time of precipitation in different regions of the world, which
in turn cause changes in water supply (Piao et al. 2010;
Wheeler and von Braun 2013). Consequently, the change
in groundwater supplies incites tensions in water manage-
ment (Neto et al. 2021). Climate changes have a direct
impact on the amount of surface discharge and an indirect
impact on the storage of aquifers. There is a close relation-
ship between the components of the water cycle and the
climate system, causing them to have a direct effect on each
other. The amount of runoff, river discharge, groundwater,
and the intensity of flood and drought are all influenced by
the most important climatic factors (i.e., temperature and
precipitation). Investigating climate change and its effects
on water resources in general and runoff in particular can
pave the way for adopting efficient water resource manage-
ment policies in the future. In the last decade, many studies
related to climate change have focused on surface water and
groundwater resources (Ficklin et al. 2009; Abbaspour et al.
2009; Neto et al. 2021; Azizi et al. 2021; and Zhang et al.
2012). These studies have dealt with the possible distinct
effect of climate change on surface water and groundwater
resources and have rarely addressed its concurrent effects on
surface water and groundwater resources (Maghrebi et al.
2021). Using GMS-MODFLOW, Moghadam et al. (2022)
explored the effect of climate change on surface water and
groundwater resources.

Given the climatic changes during the last few decades
and the effects of this phenomenon on climatic parameters,
the future cyclic pattern of hydrological phenomena will
not be the same as in the past. Hence, employing different
climate models that can predict climate changes, integrating
these models, and finally using the output of these models
in hydrological models can provide a useful instrument for
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predicting hydrological changes in the future. The disadvan-
tage of the conventional approach, which is focused on a sin-
gle water resource, is that it fails to discover the exact impact
of climate change on water resources. Indeed, surface water
and groundwater are strikingly interconnected and their
analysis requires an integrated perspective (Mirani Mogh-
adam et al. 2021). In this regard, the present study aims to
pinpoint the effect of climate change on surface water and
groundwater resources by using the WEAP-MODFLOW
model. To this end, this integrated approach is applied to
Mahabad aquifer, northwestern Iran.

Mahabad aquifer has been used as a supplementary
water resource for the region. In the past, Mahabad Dam
has served as main surface water resources in this region.
However, in recent years it supplies a smaller share of the
demand due to rainfall shortage. Consequently, the exploi-
tation of groundwater resources has intensified. A possible
scenario for increasing the balance of Lake Urmia involves
exploitation of surface water resources of Mahabad. In this
scenario, groundwater resources must supply the water

Fig. 1 Geographical location of 457300°E
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demand. Consequently, it is necessary to explore alterations
in groundwater balance under unsteady conditions such as
climate changes.

Study area and data

The catchment area of Mahabad River is in the south of Lake
Urmia, northwestern Iran. This basin extends over 53.1524
km?, which comprises about 3% of the catchment area of
Lake Urmia (Fig. 1). The catchment area of this river is
located between 45 degrees, 25 min, and 9 s to 46 degrees,
45 degrees, and 51 s east longitude and 36 degrees, 23 min,
and 51 s north latitude. Mahabad River is formed by the con-
fluence of Bitas tributary in the east and Koter tributary in
the west. Satellite images show this river is highly meander-
ing, which is less common in other rivers flowing into Lake
Urmia basin. In 1967, an embankment dam was built on this
river at the junction of the two tributaries Bitas and Koter.
At the same time, another dam was constructed downstream

45°410"E 45°4630"E 45°520"E

the catchment area of Mahabad §
Dam + £
Iran
&
&
Pl
g A
2
e
z
o
&
e’\
2 - -
z
. ;I
2
g "«.« Rivers
g cs Mahabad Aquifes )
> ) -
& Mahabad City z
.\Iahabad?_:m SEREEES £
" - - ‘, e, -;‘;-
™ i ...,::::,. 3
¢ ’ ole =
1
River flow direction
PR A ]
’ ‘\ L]
e -
. '¢ R T T T 7T ™
P i £ s 0 25 5 10 Kilometers
’ = ’ :
45:3."‘30"1-: 45°41'0"E 45°46'30"E 45°52'0"E

@ Springer



121 Page4of15

Applied Water Science (2023) 13:121

of Mahabad Dam to divert water to irrigation canals and
to control flood, which happens once a year in the lower
reaches of the basin. Mahabad Dam is one of the ten largest
dams in Iran. Having a core built of pebble and clay, the dam
has a height of 47.5 m and a length of 700 m. This dam was
built on the Mahabad Chai River, and its annual water input
is 339 million cubic meters. Located one kilometer from the
city of Mahabad, the reservoir of this dam (extending 360
hectares) is a permanent wetland that supplies municipal
and agricultural water to the city and surrounding villages
(Asalpishe and Manaf Far 2017).

We have considered monthly data for surface water and
groundwater modeling because it was more easily accessible
and available compared with daily and annual data.

Groundwater
balance data

L Groundwater J

Geological data

Methodology

As shown in Fig. 2, this research was carried out in four
phases. In the first phase, groundwater was simulated using
MODFLOW. In this phase, the quantitative status of ground-
water was assessed in two modes: steady and unsteady. The
purpose in this phase was to study the impact of climate
change and management scenarios in the future. In the sec-
ond phase, the geographical area under study was simulated
using WEAP and the amounts of water shortage in each
month were specified. In the third phase, using the selected
model, we examined changes in precipitation and tempera-
ture for the 2025-2045 period. Downscaling was conducted
using the Delta method. Eventually, the impact of climate
change was applied to surface and groundwater resources.
In the fourth phase, management scenarios were applied to
better meet the requirements of surface and groundwater
resources.

Hydrometric data Meteorological
data

i

change

Climate WEAP-MODFLOW | WEAP

.

Water flow and groundwater
level prediction for the future
period (2021-2040)

\—V

Effects of climate change

i

> on water resources

Groundwater level
change

L Delta

Fig.2 Flowchart of the present study
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Water evaluation and planning system (WEAP)

Using the WEAP method, we modeled the water resources
and uses of the downstream area of Mahabad Dam. A num-
ber of scenarios for water consumption management were
also implemented in this model.

In the next step, the proposed model was calibrated and
validated on the basis of data from the hydrometric station
of Mahabad River. The model was developed for a period of
15 years: the first 10 years were considered for calibration
and the last 5 years were intended for validation.

Besides, the mean relative absolute error (MARE) was
used in order to estimate the calibration and validation error
in the simulated model.

1 ‘ |Qci - Qoi|
MARE = - _
. Z:, ™ 1)

where Q,, is the discharge calculated by the model in the i-th
year, Q,; is the observed discharge of the hydrometer station
in the i-th year, and n is the number of data.

In the upstream PI decentralized control system, the con-
trol variable (i.e., the measured discharge passing through
the regulatory structure) is calculated in accordance with
the error rate of water level relative to the target value;
finally, the degree of the valve opening is determined. The
discharge passing the structure located in the canal's head-
waters enters the canal through a feedback controller and in
proportion to the water demand values for each catchment
area (or based on the specific water right of each area). The
proportional-integral control algorithm could be applied to
measure changes in the discharge passing through the regu-
latory structures using Eq. 2 (van Overloop, 2006; Carpenter
et al. 2022).

DQg, = Ki.egy + Kp - [eg — e (2)

where AQ,, is the value of the controlled discharge passing
through the regulatory structure in cubic meters per sec-
ond in the current time step; e is the difference between
the [actual] water level and the target level; k and k+ 1,
respectively, denote the current time step and the previous
time step; and k, and k;, respectively, denote the propor-
tional coefficient and the integral coefficient. To design the
PI controller, we calculated the proportional and integral
coefficients (k, and k;) using the formula proposed by Schu-
urmans (Schuurmans 1997).

3

T.o,
i T 2R S
D

where A, signifies the reserve level under the exploitation
conditions of the control time step, &, is the maximum reso-
nance in the minimum flow, and Rp is the maximum reso-
nance frequency in the minimum flow of the canal range and
can be measured using Eqs. 3 and 4 (Schuurmans 1997).
The MPC controller predicts the control system by integrat-
ing two factors: time horizon and mathematical model. In
controlling the water system through the MPC method, the
state-space model is used to express the internal model. Con-
sequently, it will be possible to compress the multivariate
formulation of linear models. The objective function used
for the canal system is to define:

J = XTQX + UTRU )

where J is the objective function and must be minimized; X
refers to state variables; U refers to control actions; Q is the
weight matrix for state variables; and R is the weight matrix
for control actions. The optimization algorithm used in the
MPC controller can limit the solution space by applying cer-
tain constraints. The constraints of this research include the
amount of maneuvering of the controlled valve in each time
step (uy;,,) and the minimum amount of required water (x;,,).
Equations 6 and 7 show hard constraints for the values of the
controlled state and variable:
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Ex(k) S xlim (k) (6)

where E and F represent the selected matrix with the initial
values of 1 and — 1, so that in order to equalize the calcu-
lations, the form of the constraints will always be smaller
unequal and equal.

As shown in Fig. 3, the simulation was applied to a
10-year period (2006—2015) in the present research.
In the next step, we included data related to Mahabad
River and its tributaries, Mahabad Dam reservoir, and
the amount of inflow to the dam reservoir in the model.
Next, we prioritized domestic, environmental, industrial,
and agricultural water consumption in that order and
included them in the model separately. We also consid-
ered exploitation rate of surface water and groundwater

Area Edit View General Schematic Tags Advanced Help

supplies as well as the amount of return flows to ground-
water and surface water resources in the model. These
data were obtained based on meteorological information
of Mahabad synoptic station. In this case, the amount of
surface water and aquifer recharge from domestic, indus-
trial, and agricultural sectors were equal to 0.75, 0.65,
and 30 percent, respectively. Eventually, water resources
and water consumption of the study area (traditional
agricultural practices, industrial water demand, domes-
tic water consumption, and environmental requirements)
were simulated using WEAP model (Fig. 4). In order to
estimate the calibration and validation error values in the
simulation model, we used Nash—Sutcliffe coefficient
of efficiency (NSE) and mean absolute relative error
(MARE) (Eq. 4).
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After the data were entered in the model and the river
flow was simulated, WEAP resolved the water alloca-
tion problem. The objective function in WEAP model is
maximization of coverage percentage of water demand
of each node, which is obtained through linear planning.

Groundwater simulation

One must develop a quantitative model of groundwater in
order to implement management scenarios and assess the
effect of climate change along with the effect of integrated
exploitation of water resources. In this regard, we drew on
hydraulic, hydrological, and geological information to per-
form numerical simulation of Mahabad aquifer using the
MODFLOW code (Harbaugh et al. 2000) and the ground-
water modeling system (GMS) software. Next, we examined
the exploitation status of the aquifer. One of the most well-
known quantitative tools for groundwater modeling is the
MODFLOW code, which has been developed by the US
Geological Survey. It is capable of modeling groundwater
in steady and unsteady circumstances. To this end, we must
first build a conceptual model. This model serves the fol-
lowing functions: determining the boundary of the aquifer
and the location of exploitation wells and observation wells;
determining the location of the input and output flows of the
aquifer; estimating the initial hydraulic conductivity values;
and determining the amount of aquifer inflows from surface
and return flows. There are around 1,715 wells in Mahabad
aquifer, which extract 16.23 million cubic meters of ground-
water every year. The locations of these wells are shown in
Fig. 3. There are also 22 observation wells (Fig. 3) to control
the level of groundwater in the aquifer. Mahabad River is
also included as a coverage in the conceptual model. The
period from September 23 to October 22, 2010, was consid-
ered steady due to the least changes occurring in groundwa-
ter in this 30-day period. The level of groundwater for the
observation wells, the discharge from the exploitation wells,
and the amount of recharge from precipitation and floods
were quantified under different coverages in this period. The
time from October 23, 2019, to September 22, 2012, was
considered as the calibration period. Also, a grid cell size
of 250 x 250 was set for the aquifer.

Climate change simulation

The models of the IPCC-Fifth Climate Change Report were
used to simulate climate change in the study area. Three
scenarios RCP2.6, RCP4.5, and RCP8 were used to generate
future (2026-2045) precipitation and temperature data. For
this purpose, 14 different models of CMIP5 were used to
climate change simulation. Since meteorological informa-
tion of Mahabad synoptic station has a suitable time series,
therefore, the statistics of this station were used for climate
change analysis. Finally, we analyze the simulation results
of climatic parameters for the future period.

@ Springer
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Table 1 Evaluation of groundwater simulation

State R? RMSE (m) MAE (m)
Steady state 0.99  0.80 0.72
Unsteady state 099 093 0.87
Validation 0.98 1.05 0.90

Downscaling by change factor method

Using the delta method or the change factor, it is possible to
calculate the desired climate variable changes in future peri-
ods compared to the previous period and the climate change
scenario of that variable is obtained using the change factor
method (Diaz-Nieto and Wilby 2005; Raju et al. 2018). In
this case, the difference between the two variables is used
for temperature. And for precipitation the ratio between
them is used (Hulme and Jones 1994; Lipczynska-Kochany
2018). In the present study, these values are estimated for
2021-2045.

Proure — Py,

AP = future base % 100 (8)
Pbase

AT = Tfulure - Tbase C))

PA and TA represent the scenario of climate change,
precipitation and temperature in the next period in each
month, respectively. Ty, 20-year average temperature
simulated by AOGCM in the next period for each month,
Tyases> 15 the 20-year average temperature simulated by
the AOGCM in the observation period per month. Pg e
and Py, also represent the average of 20 years of simu-
lated precipitation in the future and observed baseline,
respectively. Thus, in the first step, the climatic variables
of the main cell for the baseline and future were extracted
from the IPCC site. Then, ArcGIS software was used to
visualize the geographical coordinates of Cartesian. Then,
by subtracting the long-term monthly values of the base
period from the corresponding values in the next period,
the climate change scenarios of each period were obtained.
Finally, precipitation values were obtained by dividing the
changes of future period values by the changes of base
period values. Finally, the generated temperature and pre-
cipitation data under future scenarios are calculated from
the following equation (Sunyer et al. 2012).

P=P,,, XAP (10)

T=T,,.+AT (11)
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where T, and P, . represent the time series of monthly
observational temperature and precipitation in the base
period, respectively. T and P represent the time series of
temperature and precipitation resulting from climate change
in the future and under a downscaling climate change sce-
nario, respectively. In this study, climate change and sce-
narios of RCP26, RCP 45 and RCP 85 have been used to
study the effect of climate change on the amount of inflow
to the dam reservoir and its evaporation. To generate future
precipitation and temperature data, three scenarios of the
fifth IPCC report including RCP8.5, RCP4.5, and RCP2.6
were used. The specifications of the scenarios are given in
Table 1. In each scenario, the effect of greenhouse gas emis-
sions is classified based on its role on the level of inductions.

Performance evaluation criteria

Root-mean-square error (RMSE), mean absolute percent-
age error (MAPE), and coefficient of determination (R%)
were measured to assess the performance of scenarios and
machine learning models used in this study. Mean absolute
error (MAE) and correlation coefficient (CC) were also
used to select the appropriate model for climate change
(Arya Azar et al. 2022).

n 2
RMSE = Zini (o =x%) (12)
n
_1 o "%
MAPE = — Z{ - (13)
n _ 2
R2=1— z:;=1 (xp )_Co)2 (14)
Z,:] (xo _xo)
MAE = 2=t o =5l (15)
n
() = @N((x,) = o)
¢ (16)

C =
VEE () - @) 2 () - ©)

where x, is the observed (measured) value, x,, is the pre-
dicted value, and n is the number of samples. X, and x_p
represent the average of the predicted and observed data,
respectively.
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Fig.5 Time series for observa-
tion wells. a: Observation well
4, b: Observation well 10, and
c: Observation well 16
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Results and discussion
Results of groundwater simulation

The groundwater level simulation was calibrated for steady
and unsteady conditions. The trial-and-error method was uti-
lized along with the PEST program in order to calibrate the
model. In other words, first the range of changes in hydraulic
conductivity and specific yield in each area was determined
by trial and error; then, the PEST software was used to
obtain the final calibrated values of hydraulic conductivity.

7 10 13 16 19 22
Time step (month)

As depicted in Fig. 4, these values vary from 3 to 30 m/day.
The lowest value of hydraulic conductivity, ranging from
3 to 3.5 m/day, belongs to the northern area of the aquifer.
The mean hydraulic conductivity, ranging from 12 to 18 m/
day, was obtained in the center of the aquifer. The south of
the aquifer is characterized by high hydraulic conductivity
due to the presence of coarse-grained materials. Hydraulic
conductivity in this area varies from 25 to 30 m/day. Accord-
ing to Fig. 4b, the calibrated specific yields range from 1 to
21% in unsteady conditions. The highest and lowest specific
yields occurred in the southern and northern parts of the
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aquifer, respectively. The average range of this coefficient,
varying from 12 to 16%, is related to the center and northeast
of the aquifer.

The trend of changes in simulated and actual groundwa-
ter balance under unsteady conditions in Fig. 5 reveals that
these changes are different in different areas. For instance, in
Fig. 5, the sinusoidal trend of changes shows that groundwa-
ter balance drops by about 1 m during the simulation period.
Also, the time series indicates that MODFLOW has been
able to correctly identify the trend of changes in ground-
water balance in each month. Hence, it could be said that
groundwater simulation has been properly carried out and
the values of observation and simulation wells are very close
to each other. Examining sudden changes in the actual and
simulated values of groundwater balance in some steps (e.g.,
in Fig. 5-b and steps 11 and 12), we could infer that MOD-
FLOW is capable of simulating sudden changes in ground-
water and different stresses that are imposed on it.

Groundwater level was simulated to control the amount
of groundwater withdrawal obtained from the optimization

2007 2008 2009

2010 2011 2012 2013

Year

2014 2015 2016 2017 2018 2019

model results. The simulation was performed in two steady
and unsteady conditions, and the results demonstrated an
appropriate simulation performance for both conditions
(Table 1). Further, to ensure the efficiency of groundwa-
ter simulation, we applied the model to the validation data,
which resulted in RMSE, MAE, and R of 1.05, 0.90, and
0.98, respectively.

Integrated simulation of surface water
and groundwater resources through the WEAP
model

For the purpose of hydraulic simulation of the study area
during the period 2006—2019, all the water supplies and
uses (including the discharge of Mahabad River’s headwa-
ters, the catchment area of other rivers, agricultural, indus-
trial, and urban consumption sectors, groundwater resources,
and return flows) were separately entered as the input for the
WEAP model. In order to minimize simulation error, we
calibrated and validated the proposed model by using MARE

Table 2 Error evaluation

o Models RMSE MAE CC Models RMSE MAE CC
criteria of the models from the

fifth report of climate change in Temperature BNU-ESM 852 723 0.76 GISS-E2-H 473 55 078

comparison with observational CCSM4 580 466 085 HadGEM2-ES 789 612 0.69

CESM1(CAMS) 525  6.13 0.83 IPSL-CMS5A-LR 580 423 0.88

CESMI(WACCM) 650 633 0.77 IPSL-CM5A-MR 520 428 0.1

EC-EARTH 314 18 099 MIROC-ESM-CHEM 644 446 08

FIO-ESM 5.2 4.17 0.84 MPLI-ESM-MR 566 435 0.83

GFDL-ESM2G 841  7.88 0.61 NorESMI-ME 763 669 08

Precipitation  BNU-ESM 19.15 1623 036 GISS-E2-H 53.29 5236 0.17

CCSM4 2725 2693 029 HadGEM2-ES 282 237 040

CESMI(CAMS) 2627 22.66 0.36 IPSL-CMS5A-LR 326 253 029

CESMI(WACCM) 22.11 1832 025 IPSL-CM5A-MR 229  18.18 0.39

EC-EARTH 35.67 3191 029 MIROC-ESM-CHEM 385 2575 0.6

FIO-ESM 1658 154 04 MPI-ESM-MR 36.6 3035 0.37

GFDL-ESM2G 19.29 1585 0.22 NorESMI-ME 183 1512 0.30
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Fig.7 Changes in temperature under various scenarios in the future (2026-2045)

and NS indices on the basis of data from the hydrometric
station of Mahabad. The first period (2006—2015) was con-
sidered for calibration, and the last 4 years (2016—2019)
were used for validation of the model. The assessment
results obtained from the WEAP model during the calibra-
tion period (NSE=0.95, MARE=0.41) and the validation
period (NSE=0.90, MARE =0.61) for the hydrometer sta-
tion indicate that this model has a great performance in the
case of the station under investigation (Fig. 6). The trend of
the simulated runoff time series as well as the values pre-
sented in Fig. 6 show that WEAP has successfully simulated
the runoff. The level of accuracy of the calibration and vali-
dation periods is also acceptable.

Climate change results

The fifth report on climate change was used to study the
effects of climate change on the rate of inflow and evapora-
tion from dam reservoirs. The data of this report have differ-
ent results in the production of precipitation and temperature
data; however, selecting a suitable model that produces tem-
perature and precipitation data in accordance with the data
of the study area is of particular importance. In this study,
14 climate change models were used, and the best model
for precipitation and temperature was selected using RMSE,
MAE, and correlation coefficient. Thus, by comparing the

historical data (1985—2005) of each model with the obser-
vational data, a model was selected using evaluation criteria.
Among the available models, the EC-EARTH model, with
RMSE, MAE, and correlation coefficient of 3.14, 1.8, and
0.99, respectively, had the highest agreement with the mean
observational temperature data of the study area (Table 2).
Therefore, this model was selected to extract future data
(2026—2045). The closest model to the EC-EARTH model
is the GISS-E2-H model with RMSE, MAE, and correlation
coefficients of 4.7.3, 5.5, and 0.78 respectively. Although
other models such as CESM1 (CAMS5) and IPSL-CM5A-
MR had less error, their correlation values were about 0.83,
which was less than the selected model. However, based
on the minimum error values, the results of the FIO-ESM
model were closer to the observational values. For this
model, the RMSE, MAE, and correlation coefficients were
16.58, 15.4, and 0.4, respectively, which were lower than
those of other models. For the precipitation parameter, the
NorESM1-ME model with RMSE =18.3, MAE=15.1, and
CC =0.3 had the closest results to the selected model.
After selecting the superior model, the trend of aver-
age temperature changes under three scenarios of RCP26,
RCP45, and RCP85 was examined in the coming years.
The results of temperature changes for the three scenarios
are shown in Fig. 7. During 2026 and 2045, the average
temperature will have a relative increase compared to the
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Fig.8 Changes in precipitation under various scenarios in the future (2026-2045)

Fig.9 The impact of climate
change on groundwater balance
(Future period: 2026-2045)
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base temperature. According to the figure, most temperature
changes will occur under the RCP85 scenario. For this sce-
nario, the months of July to November will experience the
highest temperature increase compared to similar months of
the other two scenarios. In September, October, and Novem-
ber, the average temperature will rise by 2.45, 2.23, and
2.14 °C, respectively. The temperature in February will also
rise from -0.71 to 0.39 °C. The lowest temperature increase
will be under the RCP26 scenario. In the RCP26 scenario,
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there will not be much change in temperature for January
and February, and it is observed that the temperature will
decrease by 0.12 °C in February. Also, in the RCP26 sce-
nario, the average temperature for April dropped by 0.22 °C.
For the RCP45 scenario, the changes are not remarkable as
RCP85 and are almost consistent with the RCP26 scenario.
At RCP45, November will have the highest temperature rise
(1.79 °C). The large temperature changes under the RCP85
scenario can be attributed to the increasing concentration of
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carbon dioxide. Moderate changes in average temperature
can also be attributed to the constant concentration of car-
bon dioxide in the coming years. According to the RCP26
scenario, the concentration of carbon dioxide will gener-
ally decrease, which has led to small changes in the average
temperature.

According to the selected model for precipitation (FIO-
ESM), under the two scenarios of RCP26 and RCP45, in
the first four months of the year and December of each year,
the average precipitation will decrease. However, for the
RCPS85 scenario, precipitation will decrease almost through-
out the year for the next period (2026-2045). Nonetheless,
in February, according to the two scenarios RCP26 and
RCP8S5, precipitation will increase to some extent. In the
RCP26 scenario, in May, June, and July, the precipitation
will increase by 10.5, 6.92, and 2.7 mm, respectively, which
among the studied scenarios, the most increase will belong
to this scenario (Fig. 8). January and December, which
are the rainy months of the study area, will experience a
decrease in precipitation by about 10 mm under the RCP26
scenario. According to the RCP45 scenario, precipitation
will decrease by 13.11 mm in January, which is the high-
est decrease in precipitation for a month among the three
scenarios.

The impact of climate change on surface water
and groundwater resources

Considering changes in precipitation and temperature as
well as the balance of groundwater resources in the study
area, we evaluated changes in surface runoff and discharge
of the aquifer and applied them in the model. The results
obtained from different climate change scenarios were incor-
porated to simulate the state of Mahabad aquifer using the
WEAP-MODFLOW. Accordingly, the hydrograph of the
aquifer was extracted of the climate change model under the
average RCP 2.6, RCP 4.5, and RCP 8.5 emission scenario
for the next 20-year period (Fig. 9). The results of climate
change scenarios demonstrate that changes in groundwater
balance have a negligible impact on groundwater resources.
According to Fig. 9, the balance of groundwater varies from
0.8 to 15 cm in each month. The lowest reduction in ground-
water balance occurred in January, while the highest reduc-
tion occurred in April, May, and June. In general, it can be
concluded that the effect of climate change on the balance
of wells in the region has been insignificant in almost all
months.

The results establish that climate change will have little
impact on groundwater balance in the future. Therefore, it
can be concluded that climate change has positive impact
on the reduction of groundwater balance and the amount
of aquifer inflows. The findings of the present study also
demonstrate that MODFLOW has strong performance in

modeling the aquifer status and evaluating the impact of
climate change scenarios on the amount of aquifer inflows.
According to these results, groundwater resources of
Mahabad currently have a good potential to be optimally
and sustainably exploited in an integrated system along
with surface water resources. The findings of Nematollahi
& Sanayei (2022) are also consistent with the results of the
present research. In addition, similar to the findings of Arya
Azar et al. (2021), our findings indicate that climate change
in this area affects different parameters such as groundwa-
ter balance and precipitation (Soltani et al. 2023). In line
with Dehghanipour et al. (2019), our assessments show that
integrated simulation with WEAP-MODFLOW has strong
performance in areas surrounding Lake Urmia. Therefore,
this approach is suitable for integrated simulation of ground-
water and surface water resources.

The simultaneous application of WEAP and MOD-
FLOW models to Mahabad region confirmed that consider-
ing the integrated system of surface water and groundwater
resources in areas that feature the interaction of an aquifer
and a river facilitates simulating this interaction and esti-
mating the volume of water exchange. The observed and
simulated groundwater balance differed in various parts of
the aquifer. There was a small difference between observa-
tion wells that were near the exchange point between the
aquifer and the river. However, in the rest of the observa-
tion wells, there was a relatively large difference between
the observed and simulated values, which implies the need
for more time to calibrate this area. Despite the decrease
in precipitation and increase in temperature, the impact of
climate change on surface water and groundwater resources
has not been substantial. Meanwhile, our evaluations showed
that groundwater resources are more affected by climate
change than surface water resources. These results are in
line with the findings of Javadi et al. (2020) but in contrast
to the report by Plunge et al. (2022), who found that climate
change affects surface water resources more than ground-
water resources. However, the continuation of the current
trend and the possible effect of climate change on the water
resources of the study area will cause a further decline in
both groundwater and surface water. Therefore, future stud-
ies need to adopt appropriate management scenarios that
could be implemented by the competent authorities to solve
water problems. Unplanned water use in the agricultural sec-
tor, especially in dry areas where the only supply is ground-
water, has led to a sharp decline in the water balance. In
this context, presenting different solution scenarios without
considering their effectiveness and evaluating the stability
of the aquifer will not translate into better management of
the aquifer. Furthermore, most studies have only focused on
the effects of climate change and have not explored climate
change adaptation, which needs to be addressed in future
research.
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Conclusion

Mahabad region, like many other regions, has aquifers with
good potentials in terms of groundwater resources. However,
it may be in decline in the future due to interactions between
aquifers and rivers, overexploitation, and mismanagement of
surface water and groundwater resources. Consequently, we
used WEAP-MODFLOW in the present research in order
to study the integrated performance of surface water and
groundwater resources in Mahabad region and to examine
the interactions between the two resources. We also aimed
to study the impact of climate change scenarios of the fifth
IPCC report on changes in groundwater balance. There-
fore, we used five climate change models of the fifth IPCC
report and three scenarios, namely RCP8.5, RCP4.5, and
RCP2.6. The findings of this research demonstrate that the
proposed model can implement an acceptable integrated
simulation. The amount of return flows from the agricul-
tural sector and the interactions between the aquifer and the
river as obtained from the simulation were of acceptable
accuracy and closer to the observational and actual values.
The results of the integrated simulation of the study area
show that interaction with the river has mostly influenced
the southern and southwest parts of Mahabad aquifer, while
exploitation mostly occurs in the northern part. Regard-
ing the impact of climate change on the aquifer, the results
demonstrate that the overall impact is not significant, while
RCP 8.5 scenario shows more severe effects compared with
the two other scenarios. Considering the impact of climate
change on water resources, if the current trend continues
and no effective changes take place, the water supplies of
this region are likely to face a great challenge in near future.
In order to avoid that situation, effective water management
decisions must be taken. According to the findings of the
present study, more research on this subject can help clarify
other aspects of problems related to optimal exploitation of
groundwater resources. Other researchers in this field can
aim to study the effect of different exploitation strategies
on the aquifer, the possibility of transferring water from
Mahabad Dam to Lake Urmia, and the impact of changing
cropping patterns in the region on groundwater resources.

Funding The author(s) received no specific funding for this work.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are

@ Springer

included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbaspour KC, Faramarzi M, Ghasemi SS, Yang H (2009) Assessing
the impact of climate change on water resources in Iran. Water
Resou Res. https://doi.org/10.1029/2008 WR007615

Arya Azar N, Ghordoyee Milan S, Kayhomayoon Z (2021) Predict-
ing monthly evaporation from dam reservoirs using LS-SVR and
ANFIS optimized by Harris hawks optimization algorithm. Envi-
ron Monit Assess 193:1-14

Asalpishe Z, Manaf Far R (2017) Study on phytoplankton community
in the Mahabad, Hasanlu (Shur Gol) and Yadegarlu Lakes. Iran
Scient Fisher J 26(5):111-120. https://doi.org/10.22092/is£j.2017.
114879

Azizi H, Ebrahimi H, Samani HMV, Khaki V (2021) Evaluating the
effects of climate change on groundwater level in the varamin
plain. Water Supply 21(3):1372-1384

Banihabib ME, Hashemi F, Shabestari MH (2017) A framework for
sustainable strategic planning of water demand and supply in arid
regions. Sustain Dev 25(3):254-266

Barati R (2020a) Discussion of ‘modeling water table depth using
adaptive neuro-fuzzy inference system by Umesh Kumar Das,
Parthajit Roy and Dillip Kumar Ghose (2017). ISH J Hydraul
Eng 26(4):468-471

Barati R (2020b) Discussion of “Study of the spatial distribution of
groundwater quality using soft computing and geostatistical mod-
els” by Saman Maroufpoor, Ahmad Fakheri-Fard and Jalal Shiri
(2017). ISH J Hydraul Eng 26(1):122-125

Carpenter A, Choudhary MK (2022) Water demand and supply anal-
ysis using WEAP model for Veda river basin Madhya Pradesh
(Nimar region), India. Trends Sci 19(6):3050-3050

Dehghanipour AH, Zahabiyoun B, Schoups G, Babazadeh H (2019)
A WEAP-MODFLOW surface water-groundwater model for
the irrigated Miyandoab plain, Urmia lake basin, Iran: multi-
objective calibration and quantification of historical drought
impacts. Agric Water Manag 223:105704

Dehghanipour AH, Schoups G, Zahabiyoun B, Babazadeh H (2020)
Meeting agricultural and environmental water demand in endor-
heic irrigated river basins: a simulation-optimization approach
applied to the Urmia Lake basin in Iran. Agric Water Manag
241:106353

Diaz-Nieto J, Wilby RL (2005) A comparison of statistical down-
scaling and climate change factor methods: impacts on low
flows in the River Thames United Kingdom. Clim Change
69(2):245-268

DuE, Tian Y, Cai X, Zheng Y, Han F, Li X, Zheng C (2022) Evaluat-
ing distributed policies for conjunctive surface water-groundwater
management in large river basins: Water uses versus hydrologi-
cal impacts. Water Resour Res. https://doi.org/10.1029/2021W
R031352

Food and agriculture organization of the united nations (FAO),
2017. State of food security and nutrition in 2017 (Chinese):
Building Resilience for Peace and Food Security. Food & Agri-
culture ORG

Ficklin DL, Luo Y, Luedeling E, Zhang M (2009) Climate change
sensitivity assessment of a highly agricultural watershed using
SWAT. J Hydrol 374(1-2):16-29


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1029/2008WR007615
https://doi.org/10.22092/isfj.2017.114879
https://doi.org/10.22092/isfj.2017.114879
https://doi.org/10.1029/2021WR031352
https://doi.org/10.1029/2021WR031352

Applied Water Science (2023) 13:121

Page 150f 15 121

Harbaugh AW, Banta ER, Hill MC, McDonald MG (2000) Mod-
flow-2000, the U.S. geological survey modular ground-water
model-user guide to modularization concepts and the ground-
water flow process

Hashemi F, Olesen JE, Jabloun M, Hansen AL (2018) Reducing uncer-
tainty of estimated nitrogen load reductions to aquatic systems
through spatially targeting agricultural mitigation measures using
groundwater nitrogen reduction. J Environ Manag 218:451-464

Hulme M, Jones PD (1994) Global climate change in the instrumental
period. Environ Pollut 83(1-2):23-36

Javadi S, Kardan Moghaddam H, Neshat A (2020) A new approach
for vulnerability assessment of coastal aquifers using combined
index. Geocarto Int 29:1-23. https://doi.org/10.1080/10106049.
2020.1797185

Kayhomayoon Z, Ghordoyee Milan S, Arya Azar N, Kardan
Moghaddam H (2021) A new approach for regional groundwater
level simulation: clustering, simulation, and optimization. Nat
Resour Res 30(6):4165-4185

Kayhomayoon Z, Naghizadeh F, Malekpoor M, Arya Azar N, Ball
J, Ghordoyee Milan S (2022) Prediction of evaporation from
dam reservoirs under climate change using soft computing
techniques. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-022-23899-5

Lipczynska-Kochany E (2018) Effect of climate change on humic sub-
stances and associated impacts on the quality of surface water and
groundwater: a review. Sci Total Environ 640:1548-1565

Maghrebi M, Noori R, Partani S, Araghi A, Barati R, Farnoush H,
Torabi Haghighi A (2021) Iran’s groundwater hydrochemistry.
Earth Space Sci. https://doi.org/10.1029/2021EA001793

Maghrebi M, Noori R, Sadegh M, Sarvarzadeh F, Akbarzadeh AE,
Karandish F, Taherpour H (2023) Anthropogenic decline
of ancient, sustainable water systems: qanats. Groundwater
61(1):139-146

Milan SG, Kayhomayoon Z, Azar NA, Berndtsson R, Ramezani MR,
Moghaddam HK (2023) Using machine learning to determine
acceptable levels of groundwater consumption in Iran. Sustain
Prod Consum 35:388-400

Mirani Moghadam H, Karami GH, Bagheri R, Barati R (2021) Death
time estimation of water heritages in Gonabad plain Iran. Environ
Earth Sci 80:1-10

Moghadam SH, Ashofteh PS, Lodiciga HA (2022) Optimal water allo-
cation of surface and ground water resources under climate change
with WEAP and IWOA modeling. Water Resour Manag. https://
doi.org/10.1007/s11269-022-03195-0

Nematollahi Z, Sanayei HRZ (2022) Developing an optimized ground-
water exploitation prediction model based on the Harris hawk
optimization algorithm for conjunctive use of surface water and
groundwater resources. Environ Sci Pollut Res. https://doi.org/10.
1007/311356-022-23224-0

Neto AJC, Rodrigues LN, da Silva DD, Althoff D (2021) Impact of
climate change on groundwater recharge in a Brazilian Savannah
watershed. Theor Appl Climatol 143(3):1425-1436

Ostad-Ali-Askari K (2022) Investigation of meteorological variables on
runoff archetypal using SWAT: basic concepts and fundamentals.
Appl Water Sci 12(8):177

Piao S, Ciais P, Huang Y, Shen Z, Peng S, Li J, Fang J (2010) The
impacts of climate change on water resources and agriculture in
China. Nature 467(7311):43-51

Plunge S, Gudas M, Povilaitis A (2022) Expected climate change
impacts on surface water bodies in Lithuania. Ecohydrol Hydro-
biol 22(2):246-268

Raju KS, Kumar DN (2018) Impact of climate change on water
resources. Springer, Singapore

Salehi Shafa N, Babazadeh H, Aghayari F, Saremi A (2023) Multi-
objective planning for optimal exploitation of surface and
groundwater resources through development of an optimized
cropping pattern and artificial recharge system. Ain Shams Eng
J 14(2):101847

Scanlon BR, Fakhreddine S, Rateb A, de Graaf I, Famiglietti J, Gleeson
T, Zheng C (2023) Global water resources and the role of ground-
water in a resilient water future. Nat Rev Earth Environ. https://
doi.org/10.1038/543017-022-00378-6

Schuurmans J (1997) Control of water levels in open-channels

Soltani F, Javadi S, Roozbahani A, Massah Bavani AR, Golmoham-
madi G, Berndtsson R, Maghsoudi R (2023) Assessing climate
change impact on water balance components using integrated
groundwater-surface water models (case study: Shazand plain,
Iran). Water 15(4):813

Sunyer MA, Madsen H, Ang PH (2012) A comparison of different
regional climate models and statistical downscaling methods for
extreme rainfall estimation under climate change. Atmos Res
103:119-128

Talebmorad H, Ostad-Ali-Askari K (2022) Hydro geo-sphere inte-
grated hydrologic model in modeling of wide basins. Sustain
Water Resour Manag 8(4):118

Tork H, Javadi S, Hashemy Shahdany SM, Berndtsson R, Ghordoyee
Milan S (2022) Groundwater extraction reduction within an irri-
gation district by enhancing the surface water distribution. Water
14(10):1610

Van Overloop PJ (2006) Model predictive control on open water sys-
tems. IOS Press

Wheeler T, Von Braun J (2013) Climate change impacts on global food
security. Science 341(6145):508-513

Wu S, Hua P, Gui D, Zhang J, Ying G, Krebs P (2022) Occurrences,
transport drivers, and risk assessments of antibiotics in typical
oasis surface and groundwater. Water Res 225:119138

Zhang A, Zhang C, Fu G, Wang B, Bao Z, Zheng H (2012) Assess-
ments of impacts of climate change and human activities on runoff
with SWAT for the Huifa River Basin Northeast China. Water
Resour Manag 26(8):2199-2217

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1080/10106049.2020.1797185
https://doi.org/10.1080/10106049.2020.1797185
https://doi.org/10.1007/s11356-022-23899-5
https://doi.org/10.1007/s11356-022-23899-5
https://doi.org/10.1029/2021EA001793
https://doi.org/10.1007/s11269-022-03195-0
https://doi.org/10.1007/s11269-022-03195-0
https://doi.org/10.1007/s11356-022-23224-0
https://doi.org/10.1007/s11356-022-23224-0
https://doi.org/10.1038/s43017-022-00378-6
https://doi.org/10.1038/s43017-022-00378-6

	The effect of climate change on surface and groundwater resources using WEAP-MODFLOW models
	Abstract
	Introduction
	Study area and data
	Methodology
	Water evaluation and planning system (WEAP)
	Groundwater simulation
	Climate change simulation
	Downscaling by change factor method

	Performance evaluation criteria

	Results and discussion
	Results of groundwater simulation
	Integrated simulation of surface water and groundwater resources through the WEAP model
	Climate change results
	The impact of climate change on surface water and groundwater resources

	Conclusion
	References




