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The complexity of understanding the groundwater resources in relation to climate change is caused
by direct and indirect eﬀects of climate change on hydrological processes. The study herein aims at
implementing a physically based groundwater model to investigate the eﬀects of climate change on
groundwater system under 15 general circulation models (GCMs) in a semi-arid region from 2020 to 2044.
A non-parametric probability density function estimator was used to quantify the level of uncertainties
in the simulations. The method was applied to an area of 2073 km2 in southwest Iran, consisting of ﬁve
plains: western Dez, eastern Dez, Sabili, Deymche and Lor. The results indicate that there is a decline in
the recharge in April, May, June and October. The range of changes in the recharge was determined to be
between −10% and +13% in the Sabili plain, −6% and +10% in the Deymche plain, −4% and +10% in
the western-Dez plain, −6% and +26% in the eastern-Dez plain, and −40% and +100% in the Lor plain.
The most signiﬁcant decline in the groundwater level occurred in the Sabili plain in September. The
largest uncertainty in the simulation of recharge under GCM scenarios was determined to be in August,
September and December. This study highlights that climate change can have a signiﬁcant eﬀect on
groundwater resources in the region that reinforces the need for groundwater management plans and a
long-term perspective.
Keywords. Climate change; groundwater; hydrogeology; semi-arid region; uncertainty; Iran; nonparametric probability density function.

1. Introduction
An increase in atmospheric concentrations of the
greenhouse gases (GHGs) – due to human activities since the 1950s (IPCC 2013) – has resulted
in changes in magnitude and frequency of extreme
climate events (Eckhardt and Ulbrich 2003). The
concentration of GHGs is expected to rise during the present century as a result of global

economic development (VanRoosmalen et al. 2009).
The impact of rising GHG concentration on climate
variables such as temperature and precipitation
is inevitable (Ranjan et al. 2006; Scibek et al.
2007). The trend of global warming will continue
for decades even if the present GHG concentration decreases at the global scale (Ali et al. 2012).
The hydrological cycle and water resources have
been aﬀected due to alterations in precipitation,
1
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temperature, radiation and other climate variables
(Kundzewicz et al. 2008; Quevauviller 2011).
Several methods exist for simulating the present
and future climate variables with the most reliable
tools being three-dimensional (3D) general circulation models (GCMs) (Zhao et al. 2005; Wilby
and Harris 2006; IPCC 2007). However, there are
high levels of uncertainties associated with those
models caused by the selected parameters as well
as the model structure that can lead to errors in
forecasting and planning (Murphy et al. 2004; Grillakis et al. 2011; Van Pelt and Swart 2011). A
study by Minville et al. (2008) has indicated that
the largest uncertainty in climate impact studies
is due to GCMs rather than downscaling methods, or hydrological models. Many other studies
have suggested for using more than one GCM in
climate impact studies (Prudhomme et al. 2003;
Maurer 2007; Vicuna et al. 2007; Hellmann and
Vermaat 2012; Kurylyk and MacQuarrie 2013;
Hosseinizadeh et al. 2015; Farjad et al. 2016).
These studies use an ensemble of runs from multiple GCMs to cover the range of uncertainty in
future climate predictions. Although the range of
uncertainty is taken into account, the degree of
uncertainty needs to be quantiﬁed to provide the
managers and planners with the level of conﬁdence
necessary for future projections.
In recent years, numerous studies have focused
on the impact of climate change on surface water
(Changxing et al. 2013; Claudia et al. 2013; Kobierska et al. 2013; Adams and Sada 2014), whereas
the impact of climate on groundwater has received
much less attention from the scientiﬁc community
(Goderniaux et al. 2009; Jackson et al. 2011). Generally, most aspects of impacts of climate change
on groundwater have remained unknown (Green
et al. 2011) mainly due to diﬃculty in quantifying the relationship between the climate variables
and groundwater components (Jyrkama and Sykes
2007). The impact of climate change on groundwater is important in arid and semiarid areas when
groundwater is generally the main source of fresh
water supply rather than the surface water (Kløve
et al. 2011; Liu 2011; Jang et al. 2012; Pavelic et al.
2012; Touhami et al. 2015).
In this study, a groundwater model (MODFLOW) was used to investigate the eﬀects of
climate change on groundwater in the future.
MODFLOW is a numerical model, which is one
of the powerful tools for assessing the quantity
and quality of groundwater (Thangarajan 2007;
Konig and Weiss 2008; Gao 2011). The numerical
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models are diﬃcult and time consuming (Rojas
and Dassargues 2007). However, in recent decades,
research that uses simulation models has been
developed due to the improvement of high-speed
computers (Singh 2013).
The simulated groundwater head by the MODFLOW model was developed under 15 GCMs
combined with three scenarios of GHG emissions
(A2, A1B and B1) in the Dezful aquifer. In addition, a non-parametric method, which estimates a
probability density function (PDF), was used to
investigate and quantify the level of uncertainties
in the simulations.
2. Study area and climate
The Dezful plain with an area of 2073 km2 as the
largest agricultural plain in the Khuzestan province
is located in the northern part of that province
in southwest of Iran. The plain contains ﬁve subplains: western Dez, eastern Dez, Sabili, Deymche
and Lor (ﬁgure 1).
The Dez, Karkhe, Balarud, Kohnak and Shavoor
rivers are located in the study area. The area plays
an important role as a water resource and requires
an eﬃcient water resource management, eﬃcient
planning and a water policy review. Merely 4% of
the region is classiﬁed as an urban area and the
remaining is agricultural plains. All the plains have
irrigation networks except the Lor plain. Recharge
by irrigation networks increases in the Deymche
plain due to the Keshtosanate–Karon which is an
agricultural centre. Although, the irrigation networks play a major role in supplying water to crops,
however, in some regions groundwater is also significantly utilised. Wheat, sugarcane and maize (32,
21 and 16%) are the most common crops in this
region. The cultivation period of wheat is between
November and May, giving rise to the maximum
recharge of groundwater by irrigation networks in
this time period.
The study area has a semiarid climate with the
mean monthly temperature of 36.5◦ C in July and
11.8◦ C in January. The mean monthly temperature data show a growing trend from 1985 to 2012
(ﬁgure 2). The mean of annual rainfall is 316.5
mm. The mean annual precipitation has a decreasing trend for the long-term period of 1977–2012
(ﬁgure 3). The precipitation varies from 296 mm
in the eastern Dez to 394 mm in the Lor.
The soil map of the region shows that most parts
of the area have a low salinity and alkalinity limitation (4<EC<8 ds/m, ESP<15% and 8<SAR<13).
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Figure 1. The map of the study area.

Figure 2. Mean temperature across Dezful between 1985 and 2012.

The area is composed of one distinct physiographic
feature (i.e., river alluvial plain) (ﬁgure 4).
The Dezful aquifer with an average thickness of
about 100 m is an unconﬁned aquifer system. There
are over 2700 wells with pumping activity of 500
million m3 /year in this area. The general direction
of groundwater ﬂow in the area is from the north to
the south. Recharge to the aquifer is through direct
rainfall inﬁltration and return water from irrigation
networks. The range of hydraulic conductivities is
from 14 m/day for clay sediments in the Sabili to

49 m/day for sandy deposits, particularly in the
Lor subplain. The work herein uses 62 boreholes
from 2006 to 2013.
3. Method
The methodological framework of this study
consists of the following steps: (i) collecting and
preparing observed data, (ii) set-up, calibration
and validation of a groundwater model, (iii)
selecting GCMs and downscaling GCMs output,
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Figure 3. Mean long-term annual precipitation.

Figure 4. Soil map of study area classiﬁed by FAO method.

(iv) simulating groundwater components and
(v) uncertainty assessment. These steps are
described in the following.
3.1 Observed data
The observed data can be classiﬁed into three
groups: (i) climate data, including daily maximum and minimum temperature, precipitation
and potential evapotranspiration (ET) which were
obtained from four climate index stations over
30 yr. The runs test (Wald–Wolfowitz test) and
Mann–Whitney U test were employed to check
the randomness and distribution of data, respectively. The Sadetanzimi climate station, which

includes a complete series of climate data, was
used as the reference climate station to estimate
the missing climate data at the climate stations
located in its neighbour (ﬁgure 5). (ii) The data
related to both surface and sub-surface characteristics of plains such as topography, bedrock aquifer,
thickness of the aquifer, soil were obtained from
the Khuzestan Water and Power Authority. (iii)
The hydraulic data such as groundwater recharge,
irrigation and drainage systems, river hydraulic,
wells are obtained from agricultural organisation
and the Khuzestan Water and Power Authority.
Hydrodynamic data on speciﬁc yield and hydraulic
conductivity were obtained from pumping tests
and wells (see equations 1 and 2). In this study,
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Figure 5. Correlations between precipitation data at Dez climate station and other stations in the study area.

the average of pumping test result from the two
methods, Theis and Cooper–Jacob (see Appendix
A1) (Cooper and Jacob 1946; Hantush 1961), is
given below:
Q
W (u) ,
(1)
T =
4πs
t
(2)
S = 4T 2 (u) ,
r
where s is the drawdown (change in hydraulic head
at a point since the beginning of the test), u is a
dimensionless time parameter, Q is the discharge
(pumping) rate of the well (L3 /T), T (L2 /T) and S
(dimensionless) are the transmissivity and storativity of the aquifer around the well, r is the distance
from the pumping well to the point where the drawdown was observed, t is the time since pumping
began and W (u) is the ‘well function’.
3.2 Groundwater model
The following seven subsections provide explanations on the groundwater model including the
conceptual model, boundary conditions, river, ET,
recharge, numerical model, as well as calibration
and validation.
3.2.1 Conceptual model
The comprehensive groundwater program, groundwater modelling system (GMS), which provides an
interface to the groundwater ﬂow model, MODFLOW, was used for groundwater and subsurface
simulations in a 3D environment. MODFLOW is
a cell-centred, ﬁnite-diﬀerence groundwater ﬂow
model that solves the 3D groundwater ﬂow equation developed by the United States Geological Survey (McDonald et al. 1988; Khadri and
Pande 2016). The partial diﬀerential equation that
describes the 3D movement of groundwater of
constant density through a porous earth material
under equilibrium conditions is as follows:





∂h
∂h
∂
Kxx
+
Kyy
∂x
∂y
∂y


∂h
∂
+
Kzz
= 0,
∂z
∂z

∂
∂x

(3)

where Kxx , Kyy and Kzz are the hydraulic conductivities in the x, y and z directions, respectively.
The hydraulic conductivities are assumed to be
parallel to the axes of hydraulic conductivity (L/T)
and h is the potentiometric head (L).
The ﬁrst step in the modelling of groundwater is
papering a conceptual model. This step is the most
important part of the modelling process. This is
because it simpliﬁes the interaction between components of the system and organises them for easy
analysis of the system.
In this study, the input data for the conceptual
model come from three types of coverage layers:
(i) the ﬁrst coverage was used to deﬁne source
and sinks such as river and pumping well, (ii) the
second coverage was used to deﬁne the areal
attributes such as recharge, ET, hydraulic conductivity, speciﬁc yield and boundary conditions and
(iii) this coverage was used to deﬁne the groundwater table measured at 62 observation wells. Based
on a deﬁned set of observation wells and solution to
groundwater simulations, the GMS interpolates the
computed solution to observation wells and then
the error (computed–observed) will be displayed
graphically (Froukh 2002).
3.2.2 Boundary condition
Two boundary conditions, general head and
no-ﬂow, were deﬁned for the model. The ﬂow of
water in and out of the general head boundary
(GHB) cells depends on the groundwater gradient
ﬂow. There is no groundwater ﬂow in and out in
the system when a no-ﬂow boundary condition is
deﬁned for the model. In other words, there are
no water interactions between the aquifer and the
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Figure 6. Groundwater level and boundary condition of study area.

surrounding areas. To determine the location of
GHB cells and hydraulic head of each cell, the
groundwater head counter of the boreholes was
identiﬁed for each time step (ﬁgure 6). Then, the
ﬂow of water in and out of boundary conditions
was deﬁned based on the hydraulic gradient. Water
level and conductance coeﬃcient play important
roles in estimating the exchange rates of the ﬂow
at the boundary for each GHB cell:

C =W ×L

k
D


,

(4)

where C is the conductance (L2 /T), k is the
average hydraulic conductivity (L/T), W is the
thickness of the saturated aquifer perpendicular to
the ﬂow direction (L), L is the boundary length
perpendicular to the ﬂow direction (L) and D is
the distance from the general head boundary to
the model boundary (L).
3.2.3 River
River package in MODFLOW was used to include
river networks in the groundwater mode. In this

model, the interaction between the river and the
aquifer exists only where the water table is higher
than the base of the riverbed sediments. The
required data for this package are the head stage,
bottom elevation and conductance. The information related to water level and river bottom elevation was obtained from river proﬁles at diﬀerent
locations in the study area. Conductance coeﬃcient
of the bed was calculated based on the Darcy’s law
as the following:
C=

K
A,
t

(5)

where k is the hydraulic conductivity (L/T), t is
the thickness of the sediment of the river (L) and
A is an area of the stream bed (L2 ).
3.2.4 Evapotranspiration
ET from groundwater can occur when there is a
shallow groundwater table (Chen et al. 2013) which
can be calculated as follows:


D
Q = QETM × 1 −
,
(6)
X
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In fuzzy logic, a proposition is not absolutely
true or absolutely false. A membership function,
μA , is used in a fuzzy set to deﬁne the degree of
membership. The value of the membership function changes from 0 to 1. The values of 0 and
1 indicate no membership and full membership,
respectively, and values in between indicate partial
membership. If U represents a set (universe), A is
a fuzzy subset of U if A is a set of ordered pairs:
A = {[u, μA (u)], u ∈ U }, where μA (u) is the degree
of membership of u in A (Klir and Yuan 1995; Coppola et al. 2002). For the membership function of
a fuzzy set ‘A’,

Figure 7. The ET model (Banta 2000).

A : X → [0, 1] .
3

where Q is the ET from the groundwater (L /T),
QETM is the maximum ET rate (L3 /T) from the
surface, D is the depth of groundwater (L) and
X is the extinction depth (L). If the groundwater
depth is equal or greater than the extinction depth,
the ET from aquifer will stop. But if the groundwater depth is less than the extinction depth,
ET occurs at a linear fraction or an exponential
rate (Li et al. 2008; Luo et al. 2012) (ﬁgure 7).
First, the areas where the groundwater depth
is below the extinction depth were identiﬁed.
The maximum ET rates were estimated based on
ET data from meteorological stations and the
depth of groundwater obtained from observation
wells.
3.2.5 Recharge
Recharge is a very important input for groundwater
modelling that can be calculated through simple
to complex models (Ali et al. 2012; Chen et al.
2012). One of the most widely used methods for
estimating groundwater recharge rates is building
a relationship between the recharge and precipitation. There are several parameters that can
inﬂuence groundwater recharge such as topography, slope, soil, copping patterns, drainage systems
and artiﬁcial recharge. These parameters were created as geographic information system (GIS) layers
to apply in the model. However, some of the layers such as land-use classes and cropping patterns
were created as discrete features while other layers
such as topography and ground surface level elevation were built as continuous features which may
not represent real life. In this study, this complexity was addressed using a fuzzy logic method which
is based on a matter of degree (Gerner et al. 2012).

Fuzzy rules deﬁne a function set of ordered pairs
with the Cartesian product of fuzzy classes, deﬁned
on each of the input variables, and also a range of
the fuzzy set deﬁned on the output variable. The
total possible number of rules is associated with
the number of classes for each input variable.
To implement the fuzzy approach, ﬁrst, the
spatial data layers such as soil, cropping patterns,
slope and topography were studied using fuzzy
models (ﬁgure 8). The model was extended to
input ﬂow such as precipitation and agricultural
irrigation. Rainfall data were collected from several stations in the study area for 30 yr. The input
water from irrigation networks was calculated using
network discharge and position. This information
is the database for fuzziﬁcation of the fuzzy areas
using GIS. The calculated fuzzy recharge areas by
GIS are used as inputs into the recharge package
of MODFLOW.
3.2.6 Numerical model
A 3D numerical groundwater model was implemented in 500×500 m grid networks. The model
was capable of calculating groundwater heads,
water ﬂow budget, water ﬂow velocity and ﬂow
directions. The information related to topography
of surface, bedrock and initial head of groundwater was used in the 2D scatter data as point layers
(ﬁgure 9). Each of these layers was interpolated
in the GMS environment and incorporated in the
numerical model. The interpolation methods were
selected based on evaluating the semivariograms of
diﬀerent interpolation methods. Kriging-Gaussian
was selected to interpolate surface and bedrock
and Kriging-Exponential was used for initial head
groundwater.
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Figure 8. Map of groundwater recharge areas identiﬁed using fuzzy approach calculating with GIS.

3.2.7 Calibration and validation
The groundwater model was calibrated in both
steady state and transient condition. First, the
steady-state model was calibrated automatically
by PEST method (Doherty 2015). This was done
to optimise the relationship between the steadystate observed and simulated hydraulic head in
September 2006. In the second step, by trialand-error calibration, several parameters such as
recharge rate, the conductance of river bed,
hydraulic conductivities were adjusted until best
results were obtained between the observed and

simulated heads. The observation head of groundwater is compared with the calculation head using
62 boreholes. The model was calibrated in transient condition (2006–2012) using both automatic
and manual methods by mentioned parameters
and also speciﬁc yields, and was validated from
2012 to 2013. Finally, mean error, mean absolute error and RMSE (root mean squared error)
were obtained as −0.001, 0.5 and less than 0.6 m,
respectively, for the calibrated model. Figure 10
shows how the simulation error of the model is
decreasing corresponding to an increase in simulation runs.
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Figure 9. Interpolated data of (a) topography, (b) bedrock and (c) initial head of groundwater.

Figure 10. The model performance for diﬀerent simulation runs.

3.3 Climate change
To understand the future climate change in the
study area, 15 GCMs and three scenarios from
the Intergovernmental Panel on Climate Change
(IPCC) AR4 Special Report on Emissions Scenarios (SRES) (described in Appendix A2) were
considered in this study (table 1). GCM-AR4 was
compared with previous studies in the region. However, we recommend considering the GCM-AR5
in future works. The baseline data were used from
1985 to 2009 from four meteorological stations.
Since GCM outputs have a coarse resolution,
they are not applicable for regional studies

(Aronica et al. 2005; Ekström et al. 2005; Laprise
2008; Forsythe et al. 2014). The output of GCMs
was downscaled based on the data of local meteorological stations and downscaling techniques to
investigate the eﬀects of climate change in regional
scale (Barnett et al. 2004; Hewitson and Crane
2006; Stoll et al. 2011; Candela et al. 2012). In this
study, the LARS-WG model was used to downscale the output of GCMs. The LARS-WG is a
stochastic weather generator which can be used
for the simulation of weather data at a single site,
under both current and future climate conditions.
This model is cable of generating the patterns of
wet and dry periods, daily precipitation and solar
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Table 1. GCMs considered in this study (IPCC 2007).
Number

Model

Emission
scenarios

1

CGCM3T47

A1B, A2, B1

2
3

CNRMCM3
CSIROMk3.5

A1B, A2, B1
A1B, A2, B1

4
5

ECHAM5
ECHO-G

A1B, A2, B1
A1B, A2, B1

6
7

FGOALS-g1
GFDMCL2.1

A1B, B1
A1B, A2, B1

8
9
10
11

GISS-ER
HadCm3
HadGEM1
INGV-SXG

A1B,
A1B,
A1B,
A1B,

12
13

INMCM3
MIROC3.2

A1B, A2, B1
A1B, A2, B1

14

MRI CGCM2.3

A1B, A2, B1

15

NCARPCM

A1B, A2, B1

A2, B1
A2, B1
A2
A2

Organiser
Canadian Centre for Climate Modelling and Analysis
(CCCma, Canada)
Center National Weather Research (CNRM, France)
Commonwealth Scientiﬁc and Industrial Research
Organization (CSIRO, Australia)
Max Planck Institute for Meteorology (Germany)
Meteorological Institute of the University of Bonn
(Germany)
Institute of Atmospheric Physics (IAP, China)
Geophysical Fluid Dynamics Laboratory
(GFDL, USA)
Goddard Institute for Space Studies (GISS, USA)
Hadley Centre (UK)
Hadley Centre (UK)
Istituto Nazionale di Geoﬁsica e Vulcanologia
(NIGV, Italy)
Institute of Numerical Mathematics (INM, Russia)
National Institute for Environmental Studies
(NIES, Japan)
Meteorological Research Institute, Japan
Meteorological Agency
National Center for Atmospheric Research
(NCAR, USA)

See http://www.cccsn.ec.gc.ca.

radiation (Semenov and Barrow 2002; Semenov
and Stratonovitch 2010). The process of LARSWG can be divided into three distinct steps:
1. Observed weather data were analysed to determine their statistical characteristics.
2. The statistical characteristics of the observed
and synthetic weather data were assessed by different statistical tests such as the Q and F tests,
as well as the χ2 test to see if there is any statistically signiﬁcant diﬀerence between the data.
3. The parameter ﬁles derived from the observed
weather data during the model calibration process were used to generate synthetic weather
data. Synthetic data corresponding to a particular climate change scenario were generated
by applying GCM-derived changes in precipitation, temperature and solar radiation to the
LARS-WG parameter ﬁles.
3.4 Uncertainty
In this study a non-parametric method, the Kernel
estimation, was used to assess the model uncertainty. This method estimates a PDF function
for climate variables obtained from the output of

GCMs, such as precipitation and temperature. In
the non-parametric method, the density function
(f ) is unknown and should be determined using the
statistical analysis. The Kernel estimator with centre K, which is a symmetric density function such
as Gaussian density, is deﬁned as follows (Solaiman
and Simonovic 2011):
n

1 
K
fˆ (x) =
nh i=1



x − Xi
h


,

(7)

where K ((x − Xi ) /h) is the weight or kernel
function applied to satisfy criteria such as symmetry, ﬁnite variance and integrates to unity. The
kernel density estimation highly depends on the
selection of the smoothing parameter, bandwidth
(h) and the type of kernel function K.
4. Results and discussion
The following ﬁve subsections provide a discussion
of results on groundwater balance, temporal
relationship between the precipitation and ground-
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water level, determination of hydraulically
connected groundwater and surface water resources, impact of climate change on precipitation
and temperature, and assessment of uncertainties.

4.1 Groundwater balance
Simulation results of groundwater balance components are illustrated in ﬁgure 11. The less

Figure 11. Groundwater balance components for the Dezful plain.
Table 2. Cross-correlations between precipitation and average groundwater level.
Lag
(month)
0
1
2
3
4
5
6
7
8
9
10
11
12

131

Lor

Sabili

Western
Dez

Eastern
Dez

Deymche

Total study
area

0.635
0.705
0.684
0.53
0.539
0.456
0.251
0.142
0.122
0.159
0.183
0.283
0.289

0.685
0.653
0.679
0.531
0.456
0.457
0.264
0.083
0.045
0.175
0.253
0.321
0.323

0.473
0.683
0.671
0.412
0.425
0.324
0.065
0.037
0.027
0.067
0.124
0.219
0.164

0.437
0.683
0.63
0.379
0.427
0.299
0.057
0.01
− 0.024
0.017
0.057
0.138
0.105

0.522
0.702
0.603
0.402
0.364
0.289
0.046
− 0.008
0.012
0.194
0.248
0.221
0.245

0.4
0.589
0.392
0.33
0.3
0.249
0.029
− 0.004
− 0.015
0.096
0.059
0.155
0.153

The maximum values are indicated in bold.
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groundwater recharge occurs in the Lor plain
compared to other plains when there are no
irrigation systems in this plain. However, this plain
has a high hydraulic gradient which can facilitate ﬂow recharge into the aquifer. On the other
hand, the most groundwater recharge occurs in the
Sabili plain due to the largest irrigation systems in
this plain compared to others. The largest amount
of groundwater extraction occurs in the Lor and
Sabili subplains through 500 wells (between 78 and
84% of outﬂow from the aquifer) located in these
plains.
Rivers play important roles in groundwater
balance in the western and eastern Dez plains as
the longest and highest discharge river systems take
place in these plains. The Deymche plain receives a
relatively high amount of recharge (57% of inﬂow to

the aquifer) due to Keshtosanate–Karon irrigation
systems. However, it losses relatively high amount
(17% of outﬂow from the aquifer) of ET due to a
shallow groundwater table comparison with other
plains.
4.2 Temporal relationships between the
precipitation and groundwater level
The relationships between groundwater tables and
precipitation were assessed to determine lag time
for responses of groundwater to precipitation events
(table 2). Simulation results show the groundwater table in relation to precipitation events
within a lag time of 1 month, except in the
Sabili plain. The lag time for the Sabili plain
occurs in 1–2 days. The correlation between the

Figure 12. Interactions between river and groundwater in May 2012.

J. Earth Syst. Sci. (2019) 128:131
groundwater table and precipitation ranges between
0.589 and 0.705.
4.3 Determination of hydraulically connected
groundwater and surface water resources
The highest surface and groundwater interactions
occur along the Dez River, which is located between
the Dez Dam and the Balarud River. However, this
is not the case for the upstream of the Dez River,
where there is a deep groundwater table, and consequently, the ﬂow only occurs from the river to
the aquifer. On the other hand, the highest discharge occurs in the downstream of the Dez River.
The highest recharge and discharge of the Karkhe
River takes place at the upstream and downstream
of the river, respectively. The surface and groundwater interactions in the dry and wet seasons are
illustrated for four locations along the rivers in ﬁgure 12. Two important concepts to be understood
in this regard are as follows:
1. There is an increase in the groundwater table
in the wet season due to the amount of water
entering the groundwater system from both precipitation and irrigation systems. There are no
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signiﬁcant changes in the river ﬂow in the wet
season when the ﬂow in the Dez and Karkhe
rivers is regulated.
2. In the downstream of the Dez River, the
recharge and discharge occur in both wet and
dry seasons through the east and west parts
of the watershed, respectively. This is due to
a lower water table in the east part of the plain,
and a higher water table in the west (as a result
of the irrigation systems).
4.4 Climate change impact on precipitation
and temperature
Results show that the mean temperature increases
under 42 GCM scenarios in the plain for the period
2020–2044 (ﬁgure 13). The largest rise in the temperature occurs in May when it is the harvest time
of the dominant crop (wheat) in the region, which
can be a concern for farmers and policymakers.
The highest increase in the temperature (3.4◦ C)
belongs to the Gotvand station in the east of the
plain. The rise in the mean temperature is more
pronounced in the dry season compared to the wet
season.

Figure 13. Average rainfall and temperature changes in the future compared to the baseline period aﬀected by climate
change.
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There is a decline in the average rainfall from
November to May, and rise from June to October
(ﬁgure 13). In other words, there is a shift from
winter and fall to summer. The changes in rainfall are almost the same under scenarios of A2 and
A1B, however, which is not the case for the B1
scenario. The average change in rainfall is between
−44% and +9% for the period 2020–2044, whereas
the largest variation occurs in September and
December.
4.5 Impact of climate change on groundwater
The results show that the pattern of changes in
recharge follows the rainfall patterns. There is an
increase in recharge from June to October and
the largest reduction occurs in May. The amount
of recharge diﬀers in diﬀerent sub-plains when
groundwater balance components vary in each
sub-plain. For example, precipitation is the only
source of recharge in the Lor sub-plain whereas
both precipitation and irrigation system can

J. Earth Syst. Sci. (2019) 128:131
contribute to the groundwater balance in other
sub-plains. As a result, the average monthly recharge varies between +16% and +74% in the Lor
sub-plain while it varies between +2% and +14%
in the western-Dez-plain.
The results revealed that there is a decline in
water table in all the sub-plains except in the
Deymche sub-plain (ﬁgure 14). The maximum and
minimum decline in water table occurs in October and September, respectively. This is due to the
shift in precipitation from winter to the late summer which results in more inﬁltration in August,
and consequently more inﬂuence on water table in
the following month.
The maximum and minimum decline in groundwater level occurs in the Sabili sub-plain (80
cm) and the Deymche sub-plain (2 cm), respectively, which is associated with contributions of the
groundwater components to the groundwater balance in each plain (ﬁgure 11). As a result, a small
percentage of change in recharge can lead to a signiﬁcant change in the absolute amount of recharge

Figure 14. Groundwater level changes in the future compared to the base period aﬀected by climate change.
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Figure 15. The uncertainty of recharge changes in the period of 2020–2044 compared to the baseline period.
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Figure 15. (Continued.)

in the Sabili sub-plain compared to the Deymche
sub-plain.
Changes in groundwater levels in future, especially in the Damekesh Plain, which has the highest
water loss, could lead to a change in the hydrological interactions between the river and aquifer.
Although the aquifer system in the study area
is less aﬀected by climate change, the discharge
from the aquifer and artiﬁcial nutrition (by irrigation networks) by humans are much more than
the role of climate change. As a result, there was a
reduction of about 8 m in the water table in some
parts of the plain from 2006 to 2012, which is a
threat to groundwater sustainability in the region.
On the other hand, discharges from several irrigation networks and canals that return agricultural
water into the aquifer could considerably aﬀect the

quality of groundwater as well. This is particularly
the case in the sugarcane cultivation areas with
the possibility of an increase in the salinity of the
aquifer.
4.6 Assessment of uncertainties
Probability levels were estimated for each plain
using the most appropriate PDF, the kernel method
(ﬁgure 15). There is a decrease in recharge in April,
May, June and October in the Dezful plain, in
all risk levels. The largest rise (40%) in recharge
occurs in August. The most uncertainties were
determined in September and December. Recharge
varies between −10% and +13% in the Sabili
plain, −6% and +10% in the Deymche plain, −4%
and +10% in the western-Dez plain, and −6%
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and +26% in the eastern-Dez plain. The most
pronounced changes (from −40% to +100%) occur
in the Lore plain. Figure 15 illustrates the variation of recharge and its risk level in the plain which
could be a useful indicator for water management
and planning in the region.

and Cooper–Jacob methods. X, Y and T are
assigned coordinates (UTMx and UTMy) and
transmissivity (L2 /T), respectively, for 11 pumping
test wells.

5. Conclusion

The emissions scenarios of the Special Report on
Emissions Scenarios (SRES) (IPCC 2007) are given
as follows:

The impact of climate change on the groundwater
system of the Dezful plain was investigated under
15 GCM scenarios from 2020 to 2044. Results
revealed that the largest increase in temperature
occurs in May while the largest decrease occurs in
January and October. In other words, the rise in
temperature is more pronounced in the wet season
compared to the dry season. There is a shift in precipitation from fall to the late summer. The largest
change in precipitation occurs in August.
The pattern of change in recharge follows the
precipitation pattern of change. There is a decrease
in recharge in April, May, June and October. The
largest change in recharge occurs by 40% in the
late summer whereas the most pronounced changes
occur in the Lor plain. The largest uncertainty
in the simulation of recharge under GCM scenarios was determined in August, September and
December. The range of changes in recharge was
determined between −10% and +13% in the Sabili
plain, −6% and +10% in the Deymche plain, −4%
and +10% in the western-Dez plain, and −6% and
+26% in the eastern-Dez plain. The largest decline
in groundwater level occurs in the Sabili plain
in September. This study highlights that climate
change can have a signiﬁcant eﬀect on groundwater
resources in the region which reinforces the need for
groundwater management plans and a long-term
perspective.
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Appendix A1
Table A1 indicates the pumping test information from 11 wells. The speciﬁc yield and transmissivity parameters were estimated using Theis

Appendix A2

A2: The A2 storyline and scenario family
describes a very heterogeneous world. The underlying theme is self-reliance and preservation of
local identities. Fertility patterns across regions
converge very slowly, which results in continuously increasing population. Economic development is primarily regionally oriented and
per capita economic growth and technological
change more fragmented and slower than other
storylines.
B1: The B1 storyline and scenario family
describes a convergent world with the same
global population, which peaks in mid-century
and declines thereafter, as in the A1 storyline,
but with rapid change in economic structures
towards a service and information economy,
with reductions in material intensity and the
introduction of clean and resource-eﬃcient technologies. The emphasis is on global solutions
to economic, social and environmental sustainability, including improved equity, but without
additional climate initiatives.
A1: The A1 storyline and scenario family
describes a future world of very rapid economic
growth, global population that peaks in midcentury and declines thereafter, and the rapid
introduction of new and more eﬃcient technologies. Major underlying themes are convergence
among regions, capacity building and increased
cultural and social interactions, with a substantial reduction in regional diﬀerences in per
capita income. The A1 scenario family develops into three groups that describe alternative
directions of technological change in the energy
system. The three A1 groups are distinguished
by their technological emphasis: fossil intensive
(A1FI), non-fossil energy sources (A1T) or a balance across all sources (A1B) (where balanced is
deﬁned as not relying too heavily on one particular energy source, on the assumption that
similar improvement rates apply to all energy
supply and end-use technologies).
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Table A1. Transmissivity calculated from 11 pumping test wells.
Number
1
2
3
4
5
6
7
8
9
10
11

X

Y

T
(Theis)

T
(Cooper–Jacob)

Average T
(m2 /day)

Depth
(m)

234,799
262,906
257,939
265,253
259,800
253,457
244,788
246,491
246,355
257,292
250,740

3586,951
3572,635
3567,706
3571,561
3556,504
3573,052
3555,903
3570,214
3582,110
3580,451
3599,706

1115
7000
–
15,400
–
15,429
6256
–
–
–
–

1067
–
12,220
15,061
6729
14,465
4851
8000
28,500
2451
509

1100
7000
13,000
15,000
6500
15,000
6000
8000
28,500
2451
580

80
145
80
93
85
89
107
92
87
95
140
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