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Abstract. Estimating the change in groundwater recharge
from an introduced artificial recharge system is impor-
tant in order to evaluate future water availability. This pa-
per presents an inverse modeling approach to quantify the
recharge contribution from both an ephemeral river channel
and an introduced artificial recharge system based on flood-
water spreading in arid Iran. The study used the MODFLOW-
2000 to estimate recharge for both steady- and unsteady-state
conditions. The model was calibrated and verified based on
the observed hydraulic head in observation wells and model
precision, uncertainty, and model sensitivity were analyzed
in all modeling steps. The results showed that in a nor-
mal year without extreme events, the floodwater spreading
system is the main contributor to recharge with 80 % and
the ephemeral river channel with 20 % of total recharge in
the studied area. Uncertainty analysis revealed that the river
channel recharge estimation represents relatively more un-
certainty in comparison to the artificial recharge zones. The
model is also less sensitive to the river channel. The re-
sults show that by expanding the artificial recharge system,
the recharge volume can be increased even for small flood
events, while the recharge through the river channel increases
only for major flood events.

1 Introduction

Per capita, water resource availability has dwindled rapidly
during the last four decades in the Middle East. Especially
groundwater has undergone dramatic changes in arid areas
because of higher demand. Here, groundwater is often the

main source of both drinking and irrigation water, and thus
rapidly decreasing groundwater levels calls for new methods
to restore water availability.

In arid regions, recharge often occurs by intermittent flow
through the ephemeral river course. In Iran, for example, the
magnitude of flood volume resulting from ephemeral streams
is in the order of 65 billion cubic meters out of 127 billion
cubic meters of the total surface water flow, most of which
ends up in swamps, deserts, and the sea (Ghayoumian et al.,
2007). In general, floodwater that is generated in the upper
catchment flows into the ephemeral river channel, crosses
the downstream plain, and flows out to the down-adjacent
catchment. Lower magnitude events generally do not result
in complete channel submersion on reaches where the chan-
nel is very broad (e.g. Bull and Kirkby, 2002). Hence the in-
filtration surface and consequently the recharge are limited.
In ephemeral channels, water infiltrates into the permeable
bed and bank of the channel, and is usually named trans-
mission losses. However, most of the water fills up the un-
saturated zone before reaching the groundwater (Gheith and
Sultan, 2002; Şen, 2008). Transmission losses and recharge
depend on several factors, such as underlying geology, tem-
poral and spatial variability of flood events, and soil moisture
characteristics.

Besides natural recharge to the groundwater, water can
be stored (1) in a reservoir upstream of a dam, or (2) arti-
ficially infiltrated into an underground aquifer. Due to high
evaporation rates from the surface in arid regions and the
costs to construct storage dams, artificial recharge of wa-
ter to an underground aquifer is often an efficient solu-
tion for water scarcity problems. Thus, underground storage
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is becoming a major alternative for overcoming seasonal
groundwater deficiency.

Artificial recharge is a method to balance and recover
groundwater resources through floodwater spreading sys-
tems and injection wells (e.g. Bouwer, 1996). Recharge is
a fundamental component of groundwater systems (Sanford,
2002). However, often adequate estimation of recharged wa-
ter is difficult due to complex geophysical features and the
large temporal and spatial variability of runoff (Rushton
and Ward, 1979; Sophocleous, 1991; Arnold et al., 2000;
Jyrkama et al., 2002; Flint et al., 2002). These issues are
important to consider in order to assess the efficiency of
artificial recharge systems and the reliability of estimated
recharged water. Determining which of a wide variety of
techniques that is likely to provide recharge estimates is often
also difficult, and many factors need to be considered when
choosing a method of quantifying recharge (Scanlon et al.,
2002). In addition, an artificial recharge area is often con-
stituted by both natural and artificial recharge that must be
taken into account to adequately estimate the influence on
the groundwater resources.

Many different methods have been proposed to adequately
estimate groundwater recharge. Examples include water ta-
ble fluctuation methods (Butterworth et al., 1999; Healy and
Cook, 2002), Darcy’s law (Butterworth et al., 1999; Healy
and Cook, 2002), tracer techniques (Healy and Cook, 2002),
mathematical models (Taylor and Howard, 1996) and/or a
combination of several methods (Lin and Anderson, 2003;
Sutanudjaja et al., 2011), e.g. mathematical model and tracer
technique. However, each method has its own limitations
considering available data, space and timescales, and range
and reliability of recharge estimates (Zhu, 2000).

The scarcity of data in many arid regions, especially in the
Middle East, has necessitated the use of combined mathe-
matical models and field observations to estimate recharge.
Mathematical groundwater models are used to simulate
aquifer conditions, to estimate aquifer parameters, and to
predict groundwater condition. In addition, as groundwater
is essentially a hidden resource, studies on groundwater un-
der both natural and artificial boundary conditions require
modeling techniques (Scanlon et al., 2002).

The ability to use groundwater models to estimate
recharge has been made easier by the development of in-
verse modeling techniques (Sanford, 2002). Many studies
have used groundwater inverse modeling to investigate the
effect of total recharge on groundwater storage (Poeter and
Hill, 1997; Samper-Calvete and Garcı́a-Vera, 1998; Flint et
al., 2002; Sonnenborg et al., 2003; Dahan et al., 2004; Hen-
dricks Franssen et al., 2009; Karlsen et al., 2012), but very
few studies have been conducted on quantifying the contri-
bution of different sources of recharge, including both natural
and artificial recharge systems (Vázquez-Sũné et al., 2010).
To address this issue, Vázquez-Sũné et al. (2010) concluded
that the inverse modeling approach may prove a good tool for
total recharge evaluation, but does not help in identifying the
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Fig. 1. Map of Iran and location of study area.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.Map of Iran and location of study area.

contribution of each particular source to the total recharge.
To the authors’ knowledge, very few studies have aimed at
quantifying the recharge contribution from different sources
in arid and semiarid areas. This motivated us to use an inverse
groundwater modeling approach to quantify the contribution
of both natural and artificial recharge in an arid area located
in southern Iran.

In view of the above, the main objective of the present
study was, first, to apply inverse groundwater modeling to
estimate the recharge rate of an artificial floodwater spread-
ing (FWS) system and a natural river channel for both
steady and unsteady conditions based on observed ground-
water levels. Second, we wanted to compare the estimated
recharged water through the artificial recharge system with
the estimated recharged water through the natural ephemeral
river channel. In this paper, we describe the conceptual
groundwater recharge model and present a preliminary ver-
ification of the steady-state model. Partial objectives were
also to analyze model precision, uncertainty/reliability, and
model sensitivity.

2 Materials and methods

2.1 Study area and observations

The Gareh-Bygone Plain (GBP) is located between 53◦53′

and 53◦57′ longitude and 28◦35′ and 28◦41′ latitude at an al-
titude ranging from 1125 m to 1185 m above mean sea level,
and 190 km southeast of Shiraz city (Fig. 1). The study area
is composed of an alluvial fan with an average thickness of
25 to 30 m on red clay bedrock and is mainly covered by sand
deposit. This unconsolidated medium has created an uncon-
fined aquifer with an area of 6000 ha.

The north to northeastern part of the GBP is delimited by
impermeable layers of marl and sand stone that constitute
the Agha-Jari formation of the Gar Mountain, created during
the Mio-Pliocene period (Fig. 2). The eastern to southeastern
part of the studied area is delimited by a series of discontinu-
ous hills that approximately coincide with the Tchah-Qootch
ephemeral river from the upper adjacent Tchah-Qootch sub-
basin (Fig. 2). This river and the ephemeral river coming
from the upper Bisheh-Zard Basin comprise the main sources
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Fig. 2. Floodwater spreading system, river network, and observation well distribution in the Gareh-Bygone 
Plain.  
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.Floodwater spreading system, river network, and observation
well distribution in the Gareh-Bygone Plain.

of surface inflow water into the GBP (Fig. 2). The 28-km
long river is the main source of water input to the FWS sys-
tem. However, the Tchah-Qootch River also contributes to
the artificial aquifer recharge. These two rivers join in the
lower southeastern part of the GBP and discharge into the
Persian Gulf. According to aerial photographs of the studied
area, there has been no shifting of the confluence or branch-
ing points of the existing ephemeral rivers during the study
period.

Rainfall is the main provider of regional water input to the
studied area, which is influenced by the Mediterranean syn-
optic system. Rainfall often starts in October and can con-
tinue to late April. The rest of the year is more or less dry.
Annual average rainfall obtained from the newly established
meteorological station (1995) in the GBP is about 212 mm
and annual potential class A-pan evaporation for the same
period is about 2555 mm.

In the GBP, groundwater levels have been monitored
monthly by the Fasa District Water Organization since 1993.
There are only four observation wells (P1, P2, P3, and P4)
in the GBP, and these are not evenly distributed over the
area (Fig. 2). Two newer wells (P5 and P6) were estab-
lished in 2007 (Fig. 2). These wells were used to verify the
steady-state model.

2.2 Floodwater spreading (FWS) system

FWS is the collection of runoff water from the upper basin(s)
for irrigation and groundwater recharge. FWS is a technique
where runoff from upland areas is collected and redistributed
on a smaller area to artificially recharge the groundwater
(Barksdale and Debuchananne, 1946). Artificial recharge by
water spreading has been practiced at 36 multipurpose FWS
sites in Iran since 1983. The technique is an inexpensive
method for flood mitigation and artificial recharge of aquifers
that results in a large economic return for relatively small in-
vestment (e.g. Ghayoumian et al., 2005). However, floodwa-

ter in arid environments is usually characterized by a high
load of suspended material. Hence, reduction in the stream
water energy in the recharge zone results in accumulation of
clay particles on the reservoir bottom. Therefore, floodwa-
ter spreading over an extensive area rather than in a small
pond, injection well, or storage dam can be considered a pre-
ferred method. Along with this, an FWS system consists of
several different basins, the first two basins act mainly as
sedimentation pools and the rest act as infiltration pools. In
principal, the investigated FWS system serves as sedimenta-
tion basins and infiltration ponds for the artificial recharge of
groundwater and also as experimental plots for improvement,
moving sand stabilization, flood mitigation, and reforestation
(Kowsar, 1992; Arzani, 2010). The main objective of the sys-
tem in Iran is to improve groundwater quantity and quality.

The FWS system in the studied area was first established in
1983 with an area of about 1400 ha and developed to 2000 ha
in 1996. FWS is an improved water harvesting system con-
sisting of six major components: (1) diversion dam, (2) con-
veyance channel, (3) earth embankment situated along con-
tour lines, which consists of water gateway(s), (4) spreader
channel, (5) basins which represent either a sediment or in-
filtration pool, and (6) outflow channel.

FWS system obtains floodwater directly from the
ephemeral river by means of a diversion dam and a con-
veyance channel. Floodwater enters the first spreader channel
and overflow spreads uniformly on the ground until it reaches
a height of 25 cm, after which the water flows to downstream
basins by one or several gateways. This process is repeated
for all basins until excess water may be returned back into
the river. The temporary 25-cm ponding in the basins allows
water to infiltrate and groundwater to recharge.

2.3 Model design and parameterization

2.3.1 Conceptual model and data

Groundwater modeling requires five components: data, con-
ceptualization, simulation, calibration (Yang et al., 2010),
and verification. The data required for the recharge model,
to simulate natural and artificially recharged water in an
unconfined aquifer, include: (1) geology and soil proper-
ties of the aquifer; (2) ground surface and bedrock eleva-
tion; (3) observation points; (4) borehole records; (5) bound-
ary conditions; (6) location of recharge, e.g. river net-
work, and discharge, e.g. pumping well, cells within the
model; and (7) starting head which can be simulated within
the first model run based on groundwater level at the obser-
vation points (Fig. 3). Moreover, the data (measured or es-
timated through inverse modeling) include: (1) specific stor-
age; (2) specific yield; (3) horizontal and vertical hydraulic
conductivity (based on the homogeneity concept both are
assumed to be equal).

Todd and Mays (2005) stated that the conceptual model is
an idealized representation of hydrogeological understanding
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Fig. 3. Flow chart of a mathematical groundwater model.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.Flow chart of a mathematical groundwater model.

of the key flow processes of the system. A conceptual model
is a simplified representation of the groundwater system and
the accuracy of a numerical model depends on how well the
conceptual model, upon which it is based, captures the condi-
tions within the aquifer (Shaki and Adeloye, 2007). Accord-
ingly, a three-dimensional finite-difference approach of the
groundwater model was employed using the MODFLOW-
2000 software (Harbaugh et al., 2000). Moreover, PEST (Do-
herty et al., 2004), which is the automated parameter esti-
mation module for MODFLOW, was used to optimize pa-
rameters for best agreement between simulated and observed
groundwater elevations. The modeling period spanned 14 yr,
from January 1993 to January 2007.

In terms of modeling discretization, if the grid size is large,
hydraulic details contained in the region might not be con-
sidered, and if the grid size is too small, details are well ex-
posed but with high computational load. Based on the finite-
difference schematization, the studied area was discretized
into a 250 m grid size, taking into account the distance be-
tween groundwater discharge sources, e.g. pumping wells,
which enabled the model to directly calculate the impact of
each well for the groundwater storage (Fig. 4).

The anisotropy factor in the MODFLOW-2000 is defined
for each layer as the ratio of hydraulic conductivity along
a column to hydraulic conductivity along a row (McDonald
and Harbaugh, 1988; Restrepo et al., 1998). In reality, aquifer
properties are generally heterogeneous with different degrees
of variation (e.g. Yang et al., 2010). However, based on the
alluvial fan properties, existing borehole records, and in or-
der to simplify the modeling process, the model domain was
discretized vertically as a single-layer, unconfined aquifer
(Fig. 4), and the anisotropy factor was assumed to be one
means by which the horizontal and vertical hydraulic con-
ductivity are equal. For this, a single aquifer property value
was associated with the aquifer layer (Yang et al., 2010). In
addition, due to monthly records of the hydraulic head in the
observation wells, the time-discretization within the model
was assumed as one month.
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Fig. 4. Spatial discretization of the modeled area and the distribution of groundwater system (meters above mean 
sea level).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.Spatial discretization of the modeled area and the distribution
of groundwater system (meters above mean sea level).

One crucial issue in groundwater model design is to deter-
mine the exact elevation of the ground surface and bedrock.
Therefore, an existing 1/5000 scale topographic map was
used to enter multiple elevation points into the model do-
main. Then, ground surface elevation between these points
was obtained through inverse distance interpolation. The
lowest and highest elevation points of the GBP are 1130 m
(at the lower part of the plain) and 1184 m (at the foothill)
above mean sea level, respectively.

As a consequence of the FWS system, the number of le-
gal and illegal pumping wells in the area increased to over
120 wells in 1996 (Ghahari and Pakparvar, 2007), about 10
times the number before establishing the system. However,
this number decreased to 85 in 2006. An inventory of existing
pumping wells in the studied area revealed that most wells
(with 10–15 m depth in 1995 or earlier) either were dried out
or had a low water level due to excessive exploitation, espe-
cially during the dry period between 1997 and 2003. Extend-
ing well depths by drilling exposed the bedrock at 30–40 m
depth. Thus, the depths of 85 existing pumping wells were
used to determine the elevation of the bedrock to produce
a bedrock contour map. The lowest and highest elevation
points of the GBP’s bedrock are 1090 m and 1155 m above
mean sea level, respectively.

Besides gathering well pumping discharge data from the
Fasa district water organization, a lot of time was spent mea-
suring the discharge rate in each pumping well using a wa-
ter discharge gauge (Jet ruler) and determining the exact lo-
cation of the pumping wells using a GPS. Collected data

Hydrol. Earth Syst. Sci., 17, 637–650, 2013 www.hydrol-earth-syst-sci.net/17/637/2013/
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(average discharge rate for each well) was used for the un-
steady model simulation. Since there were no available data
for agricultural return flow, 10 % of total discharge from the
pumping wells were subtracted as a discharge input to the
unsteady model (e.g. Jafari et al., 2012). However, it was
modified during the calibration process of each unsteady-
state model in order to achieve the best agreement between
observations and simulations.

2.3.2 Boundary conditions

Based on geological maps, aerial photographs, and nu-
merous field surveys of the studied area, three different
types of boundary conditions were defined in the model de-
sign; (1) no-flow boundary was assigned to the northern
part of the model area coinciding with the Gar Mountain
(Fig. 2). Observed hydraulic head outside but close to the
northwestern border of the model domain was used to assign
the (2) general-head boundary condition at this border. In
this case the groundwater was exchanged between the model
domain and adjacent aquifer. Based on the topography and
bedrock map of the GBP, the general trend for groundwa-
ter flow is from north to southwest. Therefore, a (3) time-
variant specified head boundary was defined along the south
and southwestern border of the GBP as a discharge/drain
zone. Also, due to a few observed water levels in some of the
pumping wells located in the southwest part of the GBP and
outside the model domain, a very short time-variant speci-
fied head boundary condition was defined for this area as a
recharge zone.

Due to the large hydraulic head at observation well number
one (P1) as compared to other observation wells (Fig. 2), it
was assumed that there is a direct connection between P1
and an external source. After analyzing satellite images and
aerial photographs of the study area, the existing geological
map was modified with a fault affecting the hydraulic head
at P1 (Hashemi et al., 2012).

2.3.3 Steady- and unsteady-state groundwater model

In order to simplify the modeling approach, the concep-
tual model can be divided into steady-state and unsteady-
state modeling. First, aquifer parameters such as hydraulic
conductivity are estimated in the steady-state modeling then
estimated parameters can be transferred to the transient or
unsteady-state model (Middlemis et al., 2000) in order to
estimate other aquifer parameters, such as storativity and
recharge fluxes through inverse modeling.

In principal, if the model is run for steady-state condi-
tions, the only input data observed is water level at each
observation well during the steady period. However, steady-
state conditions rarely occur during intense recharge or dis-
charge periods. For the unsteady-state or transient condition,
input-observed data are the water levels in observation wells

at different time intervals and recharge and discharge of the
groundwater system.

Steady flow implies that no change (no recharge or dis-
charge) occurs with time (Graham and Tankersley, 1994).
Consequently, when the hydraulic head variation for ob-
served wells during successive months is at minimum,
steady-state conditions can be assumed. Based on a modeling
point of view, in the steady-state condition, the net input and
output from each cell is set to zero, which means no water
is added or taken from the internally stored water in a cell.
Thus, the aquifer storage coefficient is not involved (Eqs.1
and2). In this case, the only unknown parameter which influ-
ences the groundwater flow is hydraulic conductivity that can
be estimated in separate zones. Additionally, for steady-state
simulations, there is no direct requirement for initial head be-
cause the time derivative (∂h/∂t) is removed from the flow
equation (Eq.1). Therefore, a steady-state simulation is rep-
resented by a single stress period having a single time step
with the storage term set to zero (Harbaugh, 2005). It should
be mentioned that in the adequately chosen steady-state con-
dition the system response to the boundary conditions in the
aquifer allows for elaboration.

In principal, the three-dimensional saturated groundwater
flow of constant density through porous earth material is de-
scribed by the partial differential equation (Kresic, 2006):

∂

∂x

(
Kxx

∂h

∂x

)
+

∂

∂y

(
Kyy

∂h

∂y

)
+

∂

∂z

(
Kzz

∂h

∂z

)
± W = S

∂h

∂t
, (1)

whereKxx,Kyy , andKzz are hydraulic conductivity along
thex, y, andz coordinate axes assumed to be parallel to the
major axes of hydraulic conductivity (L/T);h is the poten-
tiometric head (L);W is a volumetric flux per unit volume
representing sources and/or sinks of water, withW < 0.0
for flow out of the groundwater system, andW > 0.0 for
flow into the system (T−1); S is the storativity of the porous
material (L−1); andt is time (T).

Equation (1) was developed assuming transient condition.
However, the transient flow equation becomes the steady-
state flow when the storage term and therefore, the right-hand
side of the equation is set to zero (Eq.2) (Harbaugh, 2005;
Kresic, 2006).

∂

∂x

(
Kxx

∂h

∂x

)
+

∂

∂y

(
Kyy

∂h

∂y

)
+

∂

∂z

(
Kzz

∂h

∂z

)
±W = 0 (2)

In view of the above, and according to the hydrogeological
characteristics of the studied aquifer, a steady-state ground-
water model was developed to simulate the groundwater
flow, boundary condition, and estimation of hydraulic con-
ductivity. To estimate the hydraulic conductivity, time steps
corresponding to the steady-state flow were used for model
calibration. For this purpose, ten different steady-state con-
ditions during the entire model period were selected when
the absolute difference in water level in all observation wells
and between 2 successive months was at minimum or less
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than 0.3 m (Table 1). Also, observations showed that during
the selected steady-state periods, the discharge through the
pumping wells was at minimum and neither recharge through
the river channel nor the FWS system occurred. Accordingly,
the model was calibrated for each steady flow to estimate
hydraulic conductivity and determine the appropriate bound-
ary condition. Calibration for different independent time pe-
riods was done to achieve an acceptable confidence of accu-
racy of the estimated hydraulic conductivity. Then the aver-
age estimated hydraulic conductivity in each zone was trans-
ferred to the unsteady model to estimate specific yield and
recharge rate.

In mathematical groundwater modeling unsteady-state
conditions occur when the net flow into or out of a cell are
not equal. In this case, besides the estimated hydraulic con-
ductivity, it is possible to estimate the storage coefficient and
recharge rate. To simplify the calculations, the time period
with no recharge into the aquifer should be chosen in order
to minimize the number of unknown parameters. Therefore,
firstly, three different time periods of 6, 8, and 12 months’ du-
ration with no recharge were selected. Then the model was
run and calibrated for these three transient periods to estimate
specific yield in each zone. Finally, the average values were
transferred to the next step of transient model to estimate the
recharge rate.

In transient flow, simulations can be mixed transient or
steady-state. Thus, a simulation can start with a steady-
state stress period and continue with one or more transient
stress periods (Harbaugh, 2005). Accordingly, ten different
transient models were assigned and calibrated starting from
each steady-state and ending with the next one. Moreover,
in MODFLOW-2000 the input parameters are constant dur-
ing the transient modeling. Consequently, by dividing the en-
tire model period into different sub-transient models, one can
deal with time variable parameters within the entire model
period but constant parameters in each sub-transient model.
Also, to achieve best agreement between observed and sim-
ulated values, the average estimated hydraulic conductivities
from the steady models were modified slightly in each sub-
transient model.

2.3.4 Calibration and verification

Monthly observations from four wells (P1, P2, P3, and P4)
located within the GBP during 14 yr between 1993 and 2007
were used for calibration in ten different steady-state and
transient periods (Fig. 2). Monthly observations from two
newer wells (P5 and P6) during 2007 and 2009 were used
for model verification in the case of steady-state condition
(Fig. 2). It should be mentioned that in the verification pro-
cess normally the data from the same wells are used and this
is an advantage if the model can be verified by the data from
more wells.

Due to the limited number of observation wells but assum-
ing the homogeneity of the geologic formation in the GBP,

the Thiessen method was used to find representative zones
around each observation well. Therefore, the entire area was
divided into four zones, and the model was calibrated with
observed hydraulic head at the observation well in each zone
in both steady and transient condition. In the case of verifi-
cation, the model was verified using both old and new obser-
vation wells (six wells) but still four hydraulic zones in one
more steady-state period (during the period 2008).

2.4 Model sensitivity and uncertainty assessment
method

Estimated parameters are subject to a degree of uncertainty
that can be associated with the conceptual model or with
data and parameters for the various components of the model
(Zhu, 2000; Walker et al., 2003; Arnold et al., 2009; Hilde-
brandt et al., 2010; Rojas et al., 2010). In conceptual models,
uncertainty estimation is dealt with calibration and estima-
tion procedures (Ratto et al., 2007; Dams et al., 2008; Rojas
et al., 2010).

Calibration may be affected by uncertainty due to weak-
ness in determining the exact parameters. This weakness
could be due to either inadequate or to inappropriate spa-
tial and temporal distribution of the observed data and
boundary conditions. Uncertainty also can be due to errors
in observations.

In general, to determine the degree of uncertainty of the
estimated parameters, sensitivity analysis and confidence in-
terval are used. Uncertainty analysis includes a number of
techniques for determining the reliability of model estima-
tions/predictions (Hill and Tiedeman, 2007). For this rea-
son, confidence intervals are used to indicate the reliability
of estimated parameters. Sensitivity analysis can be done for
both parameters/unknown and observed/known data within
a model. Determining the sensitivity of a specific parameter
to the observed data means the change in the estimated pa-
rameter corresponding to a unit change in the observed data.
If the desired parameter value is zero, this parameter is not
sensitive to the observed data. Parameters that generally are
insensitive to observed data can be omitted from the model
or considered constant.

Based on the contents of the Jacobian matrix (Hill and
Tiedeman, 2007), PEST calculates a figure related to the
sensitivity of each parameter with respect to all observa-
tions. The composite sensitivity of parameteri is defined as
(Doherty et al., 2004)

si =
(
JtQJ

)1/2
ii

/m, (3)

whereJ is the Jacobian matrix (also called the sensitivity ma-
trix); Q is the cofactor matrix, in most instances the latter
will be a diagonal matrix whose elements are comprised of
the squared observation weights;m is the number of obser-
vations with non-zero weights.

Thus, the composite sensitivity of theith parameter is
the normalized (with respect to the number of observations)
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Table 1.Steady-state conditions for all observation wells. Horizontal lines indicate the assumed steady-state (St. 1 to St. 10) periods for two
successive months between 1993 and 2007 in model calibration.
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magnitude of the column of the Jacobian matrix pertaining to
that parameter, with each element of that column multiplied
by the weight pertaining to respective observation (Doherty
et al., 2004).

In view of the above, sensitivity analysis was done for the
parameters at all modeling levels in order to find the best esti-
mation. Furthermore, the hydraulic head estimation was fol-
lowed by a sensitivity analysis aiming to identify the param-
eters, which have a large influence on the modeling results.

PEST also calculates 95 % confidence limits for the ad-
justable parameters. The presentation of 95 % confidence
limits provides a useful means of comparing the certainty of
different parameter values as estimated by PEST (Doherty et
al., 2004). It should be mentioned that confidence limits can
only be obtained if the covariance matrix has been calculated.
Hence, in case of any over- or underparameterization, the
confidence interval is not produced (see PEST user manual).

3 Results and discussion

The main objective of the present study was to estimate the
recharged water from the surface runoff via both the nat-
ural ephemeral river channel and artificial recharge system
through an inverse groundwater modeling approach. There-
fore, the groundwater model was run for both steady-state
and unsteady-state conditions to simulate the groundwater
flow and estimate aquifer hydraulic parameters for the period
1993–2007. The estimated parameters included horizontal
hydraulic conductivity (Kh), specific yield (Sy), and recharge
rate (RCH).

3.1 Steady-state model results

In the inverse modeling technique, aquifer parameters such
as hydraulic conductivity and recharge rate are estimated si-
multaneously. Hence, reliable estimation of recharge rate de-
pends on adequate estimation of the hydraulic conductivity.
With regard to this, ten different steady-state simulation pe-
riods were modeled for which the hydraulic head difference
between successive months was negligible. These ten steady-
state simulations were calibrated, using the PEST module,
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Fig. 5. Average groundwater contour map (meter above mean sea level) of the GBP during 12 months between 
April 2005 and March 2006, with active pumping wells but with no surface recharge.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Average groundwater contour map (meter above mean
sea level) of the GBP during 12 months between April 2005
and March 2006, with active pumping wells but with no surface
recharge.

regarding theirKh values. Then the model was verified using
a new steady-state period in 2008 (Hashemi et al., 2012). The
summary results of the model calibrations in ten steady-states
and its verification are presented in Table 2. The results show
that the calibrated and verifiedKh value are quite close, how-
ever, the residual and standard deviation are somewhat larger
for the verifiedKh.

As a result of steady-state simulation, the general trend
of groundwater flow is from north to south/southwest. The
steady-state groundwater flow with no recharge from flood-
water is greatly influenced by the water coming from the up-
per catchment via the fault. The average estimatedKh in the
GBP was nearly 0.1 m day−1, which is in the range of values
of Kh (0.001 and 1 m day−1) for the alluvial fan (e.g. Freeze
and Cherry, 1979).
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Table 2.Calibration results for ten steady-state modeled periods between 1993 and 2007 and verification result for 2008. In model verifica-
tion, two new observation wells were used (Hashemi et al., 2012).

Estimated value Mean (m day−1) Max (m day−1) Min (m day−1) S.D (m day−1) Residual (m)

Kh, Calibrated 0.0880 0.1010 0.0700 0.0100 0.0002
Kh,Verified 0.0840 0.2980 0.0002 0.1430 0.0400
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Fig. 6. Location of recharge zones in the GBP, artificial recharge (AR) 1a with 420 ha area established in 1983, 
AR 1b with 600 ha area established in 1996, AR 2 with 970 ha area established in 1983, and ephemeral river 
channel (ER).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Location of recharge zones in the GBP, artificial recharge
(AR) 1a with 420 ha area established in 1983; AR 1b with 600 ha
area established in 1996; AR 2 with 970 ha area established in 1983;
and ephemeral river channel (ER).

3.2 Unsteady-state model results

As previously described, simulation and estimation of the hy-
drodynamic aquifer parameters were done in three different
model steps. To estimate theSy in each zone as a second
step, the model was calibrated in three transient period in-
tervals with no recharge but active pumping wells. Besides
model calibration based on monthly observed groundwater
levels, groundwater contour maps and direction of ground-
water flow were also simulated. Groundwater contour maps
(Fig. 5) were developed at each model step, taking into ac-
count the initial groundwater level in the beginning of the
simulation period and water abstraction through pumping
wells during each simulation period. The estimatedSy in
each zone ranged from 0.008 to 0.10 with an average of
0.045. The average value ofSy was then transferred to the
next transient interval to estimate the recharge rate. During
these periods there was no recharge from the surface water
and water was exploited through the pumping wells. As ob-
tained from simulations, the groundwater flow direction in
some parts of the aquifer is moving toward pumping wells
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Fig. 7. The average observed and simulated groundwater level (GWL) for all observation wells (due to missing 
data in two observation wells during 2000 to 2001, no simulation was done for this period).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7. The average observed and simulated groundwater level
(GWL) for all observation wells (due to missing data in two ob-
servation wells during 2000 to 2001, no simulation was done for
this period).

to the extent that in some areas a sharp cone of depression
around the wells is formed (Fig. 5). Figure 5 shows that in
the transient periods with no surface water recharge and with
high groundwater exploitation rate, saline water intrusion to
the groundwater from Shur River of Jahrom (saline water)
(Figs. 2 and 5) may be a problem. The base flow of this river
is quite saline with electrical conductivity ranging from 0.6
to 4.5 S m−1 (Kowsar and Pakparvar, 2003). Therefore, it ap-
pears that the groundwater flow direction was changed dur-
ing these dry periods and was from the Shur River of Jahrom
toward the central and southern parts of the aquifer (Fig. 5).

In order to estimate the recharge rate through both the river
channel and FWS system, the area was divided into three
different recharge zones. Artificial recharge zones 1 and 2
(AR 1 and AR 2) correspond to the FWS system, and zone 3
represents the natural ephemeral river (ER) channel (Fig. 6).
Simulations and recharge estimations were conducted for the
entire model period (1993–2007) taking into account the es-
tablishment dates of different recharge zones. AR 1, includ-
ing zones 1a and 1b (Fig. 6), only receives diverted flood-
water from the Bisheh-Zard ephemeral river and was devel-
oped from 420 ha in 1983 to 1020 ha in 1996. AR 2 receives
diverted floodwater from both the Bisheh-Zard and Tchah-
Qootch Ephemeral Rivers covering an area of about 970 ha.
It should be noted that the Tchah-Qootch River is located at
the southern border of the GBP and due to the hydraulic gra-
dient of the plain, the natural recharge of this river does not
contribute to aquifer recharge. In addition, it was assumed
all recharge zones received surface water at the same time
and flooding duration was equal in each flood event consid-
ering flood date but not magnitude of flood. Travel time was
one month.
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Fig. 8. Simultaneous confidence limits (upper and lower limits) on recharge rate estimated by 10 different 
unsteady-state groundwater flow model of three different recharge zones (AR 1, AR 2, and ER).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Simultaneous confidence limits (upper and lower limits) on
recharge rate estimated by 10 different unsteady-state groundwater
flow model of three different recharge zones (AR 1, AR 2, and ER).

To check model fit, simulated hydraulic heads were com-
pared to observed heads for the entire model period (Fig. 7).
The recharge rate was estimated when the best agreement
was obtained between observed and simulated hydraulic
head using parameter estimation software (PEST). The av-
erage observed and simulated hydraulic head for all observa-
tion wells is shown in Fig. 7. In addition, Table 3 shows the
statistics for observed and simulated values for all observa-
tion wells in all unsteady-state model periods between 1993
and 2007.

It should be noted that in order to balance inflow and out-
flow to the groundwater storage, the model adds or withdraws
some water into the storage term but does not increase the
recharge rate to the considered recharge zone. This makes
the model quite precise and the residuals are almost the same
in the case of modeling one, two, and all recharge zones. In
addition, due to the monthly observation data, the duration of
recharge for each event was assumed to be within one month.

3.2.1 Uncertainty and sensitivity analysis

Figure 8 shows the estimated recharge and 95 % confidence
limits of all estimated values for the ten different simultane-
ous transient periods during 1993 and 2007. In these simu-
lations, the estimated values tend to increase as the size of
the intervals increase and vice versa. For instance, for AR 2
all intervals are quite small and, subsequently, the estimated
recharge is relatively small in comparison to other recharge
zones. The result shows that the uncertainty and confidence
intervals of ER (river channel zone) is the highest. Also, the
estimated recharge in this zone is relatively high for some of
the model periods. These high values with high uncertain-
ties match well with time periods representing extreme rain-
fall events. Thus, the river channel recharge estimation repre-
sents relatively more uncertainty, which can be due either to
less model sensitivity for parameters of ER or to major influ-
ence of extreme flood events on the estimated recharge in the
channel. Also possible explanations may be the higher infil-
tration rate and percolation velocities under the river channel
as compared to the flooding zones. This is a localized phe-
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Fig. 9. Model sensitivity for recharge during 10 unsteady-state groundwater flow periods (P1 up to P10).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Model sensitivity for recharge during 10 unsteady-state
groundwater flow periods (P1 up to P10).
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Fig. 10. Rainfall (right axis) and recharged water volume estimated by groundwater model (left axis) into the 
groundwater storage through both FWS systems (artificial recharge, AR 1 (a, b) and AR 2) and ephemeral river 
channel (natural recharge, ER) for the years between 1993 and 2007.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Rainfall (right axis) and recharged water volume esti-
mated by groundwater model (left axis) into the groundwater stor-
age through both FWS systems (artificial recharge, AR 1 (a, b) and
AR 2) and ephemeral river channel (natural recharge, ER) for the
years between 1993 and 2007.

nomenon that is expected to act during periods of time and
therefore will be reflected in a larger uncertainty. In general,
the recharge rate for the plain area (artificial recharge area)
was much lower than that of the river bed which was close
to zero as shown in Fig. 8. However, considering the large
infiltration surface of the FWS system, it results in a large
volume of recharged water.

Sensitivity analysis was conducted to evaluate the effect of
parameters on groundwater modeling and to identify which
parameters have the most effect on recharge. Figure 9 shows
the model sensitivity for all recharge areas (AR 1, AR 2, and
ER) for the ten model periods. In principal, the model is sen-
sitive to all areas for all model periods. The model, in gen-
eral, is more sensitive to AR 2 and less sensitive to ER for
all recharge periods. Since AR 2 receives floodwater from
two different ephemeral rivers, the model is quite sensitive
to this zone, and this sensitivity reaches a maximum in pe-
riod P2, P3, and P9 due to extreme rainfall events (Fig. 10).
In contrast, the model is much less sensitive to ER, which is
the river zone, and that can be due to the large uncertainty
for this zone, as discussed above. This shows the significant
influence of AR 2 on the model results.

3.2.2 Recharge contribution to groundwater from both
artificial and natural recharge area

Şen (2008) stated that groundwater recharge has a random
behavior depending on the sporadic, irregular, chaotic, and
complex features of storm rainfall occurrences, geological
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Table 3. Statistics for observed and simulated values for all observation wells (P1 to P4) in all unsteady-state model periods between 1993
and 2007.

Well No.
Observed Simulated

Mean (m) Max (m) Min (m) S.D (m) Mean (m) Max (m) Min (m) S.D (m)

P1 1160.39 1161.28 1158.73 0.53 1160.36 1161.39 1159.15 0.48
P2 1143.40 1145.71 1140.81 1.07 1143.46 1145.39 1140.81 1.08
P3 1132.44 1138.42 1126.30 4.25 1132.42 1137.88 1126.69 4.24
P4 1130.19 1138.02 1124.05 4.60 1130.08 1137.32 1123.97 4.58

composition, and geomorphologic features. To quantify the
amount of recharged water for each recharge zone for the
14-year modeling period, the groundwater simulation and
recharge estimate was done in three different steps: (a) mod-
eling AR 1, AR 2 and the ER, (b) modeling only AR 1
and AR 2, and (c) modeling only AR 2 (Fig. 6). Figure 10
shows the estimated recharged water volume between 1993
and 2007.

The figure shows that before 1996, more water was
recharged through the river channel rather than the FWS sys-
tems. So, the difference between total recharged water (in-
cluding AR 1 (a, b), AR 2, and ER) and recharged water
through the FWS systems (AR 1 (a, b) and AR 2) is sig-
nificant for recharge cases between 1993 and 1996 (Fig. 10).
In some periods with extreme precipitation events this dif-
ference reached a maximum, e.g. 2003 and 2005. As is seen
in Fig. 10, there is, however, no significant difference in the
precipitation for either the 1993–1997 or the 2003–2006 pe-
riods, but the recharge in 2003–2006 was about double that
in 1993–1997 with the exception of one event in early 1993.
However, it is noted that from 1997, after the extension of
FWS system area 1 (AR1) from 420 to 1020 ha, water in-
flow to the system increased and more water was recharged
through the FWS system. In case of clogging of the sys-
tem, the recharge difference between the AR (1 and 2) and
ephemeral river (ER) should be at maximum, which is not
the case, because more water recharged through the AR (1
and 2) e.g. during 2006.

During extreme events, since the FWS system is not ca-
pable of handling more water than its capacity and perhaps
because of a complex interaction between different recharge
zones, and duration of stream flow in the river channel, a
greater volume of floodwater was transferred via the river
channel and recharge took place more through the river bed
and bank. However, in the year 2004, despite the extreme
rainfall event, in terms of duration, the difference between
total recharged water and recharged water through the FWS
systems was small. This can be due to the small flood result-
ing from low precipitation intensity or soil-moisture charac-
teristics of the river channel which was not taken into account
in the model.

Less water recharged through AR 2 (area of 970 ha). This
is probably due to poor vegetation cover (observed in-field,
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Fig. 11. Vegetation cover in: a) artificial recharge zone 2 (AR 2) and b) artificial recharge zone 1 (AR 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Vegetation cover in:(a) artificial recharge zone 2 (AR 2)
and(b) artificial recharge zone 1 (AR 1).

Fig. 11) or clogging in this zone and consequently less
recharge occurred as compared to AR 1 (a, b). In order to
stabilize and increase the infiltration rate in the FWS sys-
tems, indigenous trees adapted to this environment have been
tested, but as their growth is too slow, two species belong-
ing to the exotic genera (EucalyptusandAcacia) have been
experimentally planted, mainly in AR 1, along with three in-
digenous trees and bushes (Khanmirzaei et al., 2011). The
trees were planted on plots of 4× 4 m spacing covering about
15 % of AR 1 and also behind each embankment in the entire
area of AR 1 and part of the area of AR 2 in 1986 (Fig. 11).

The Agha-Jari formation covers most of the Tchah-Qootch
Basin and represents early to middle Miocene and greater
sediment volumes, as compared with the Bisheh-Zard Basin,
being transported to the GBP during flood periods. Since
AR 2 receives water from both Tchah-Qootch and Bisheh-
Zard Ephemeral Rivers, sediments also are transported that
can be a cause of clogging and infiltration reduction in this
recharge zone. To address this issue, the research carried out
by Mohammadnia and Kowsar (2003) shows increase in the
concentration of three different types of clay at the depth
of 7.5 m after 13 yr operation of the system, which proves
the gradual impermeability and eventual clogging of the va-
dose zone by translocation of extremely small particles. Also,
research reveals that the average infiltration rate of an af-
forested system was 9.3 cm h−1 as opposed to 3.8 cm h−1

for a treeless system, and 7.7 cm h−1 for the area outside
of the FWS systems (Kowsar, 2005). It is well known that
plant roots, together with organic material, increase infiltra-
tion rates through physical and biological processes. Con-
sequently, reforestation of areas also means that the effects
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Fig. 12. Cumulative recharged water estimated by groundwater model from the FWS system zone 2 (AR 2), all 
FWS systems (AR 1 (a, b) and AR 2) and all FWS zones plus ephemeral river channel (AR 1 (a, b), AR 2, and 
ER) for the entire model period.  

 
 

 

 

 

Fig. 12. Cumulative recharged water estimated by groundwater
model from the FWS system zone 2 (AR 2), all FWS systems (AR
1 (a, b) and AR 2) and all FWS zones plus ephemeral river channel
(AR 1 (a, b), AR 2, and ER) for the entire model period.

of siltation on permeability to some extent are balancing the
recharge rates.

As a result, after development in 1996, more water
recharged through the artificial recharge system rather than
through the river channel, and AR 1 (a, b) is the main
recharge zone among all FWS zones.

3.2.3 Recharge contribution to groundwater from the
river channel

Figure 12 shows the cumulative recharged volume separated
into two parts, namely with and without the river channel. In
1995 and the beginning of 1996, due to the development of
FWS system, the inflow channel to some of the FWS systems
had been blocked and more floodwater passed the area via
the river channel. Therefore, more water recharged through
the river channel. Also, due to an extreme event in 2003 the
modeling result shows a small rise in groundwater recharge
from the river channel in comparison with the FWS systems,
and this rise reached a maximum in 2005 (Fig. 12) due to the
occurrence of major floods in that year.

In order to determine the contribution of each recharge
zone in the GBP, the percentage of recharge in each recharge
zone, considering all years of extreme events and all years
without extreme events, is listed in Table 4. Based on the
second row of Table 4, the river channel is the main recharge
zone in the studied area during three different years of ex-
treme rainfall events mentioned above. According to Ta-
ble 4, the recharge contribution from AR 1 (a, b), AR 2,
and ER were 31 %, 10 %, and 59 %, respectively. There is
a large difference between the cumulative natural and artifi-
cial recharge by the end of 2006, which resulted from a few
extreme events in 1995, 1996, and 2005 (Figs. 10 and 12). By
subtracting these extreme events and related recharged water
through the river channel, the contribution of the river chan-
nel decreased from 59 % to 20 %, and the contribution of the
FWS systems increased from 41 % to 80 % (Table 4).

It appears that in a normal year without extreme events,
the recharge contribution to the groundwater storage from
the river channel is about 20 %, while the recharge contribu-
tion from the FWS systems is about 80 %; this means that
the FWS system is the main recharge zone in the studied

Table 4.Contribution of artificial recharge (AR 1 (a, b) and AR 2)
and natural recharge (ER) zones in groundwater recharge in the pe-
riod from 1993 to 2007 with and without consideration of extreme
events.

Recharge zone AR 1 (a, b) AR 2 ER

Including extreme events 31 % 10 % 59 %
Excluding extreme events 60 % 20 % 20 %

area. In contrast, the river channel area is just a minor por-
tion of the plain (Alencõao and Pacheco, 2006) that only cov-
ers about 10 to 15 % of the total recharge area. These results
clearly show the value of artificial recharge systems in arid
and semiarid areas. Therefore, extension and development of
FWS systems in the studied area would be a main and per-
manent solution to increase the floodwater recharge in case
of any extreme or small flash flood event.

Bull and Kirkby (2002) stated that ephemeral river chan-
nels exhibit an inverse relationship between the magnitude
and frequency of events. By expanding the FWS systems
there is a possibility to divert more floodwater into the ar-
tificial recharge system and increase recharge even in a small
flood event, while the recharge through the river channel in-
creases only for large flood events. Therefore, larger infiltra-
tion surfaces result in less water lost via river channels even
for small flash flood events.

4 Summary

The main objective of the FWS system is to increase the
recharge by increasing the area of flooding. Consequently,
the increased area governs the recharge volume. Assuming
similar recharge per area for both channel and artificial area
means that the volume recharged by far is from the artifi-
cial recharge areas. Similarly, if the areas are maintained
then recharge must be greater in the recharge areas. How-
ever, even if there is no doubt that many of the stream chan-
nels may have a high capacity of recharge, and as mentioned
before, then lower magnitude flood events generally do not
result in complete channel submersion. Therefore, the in-
filtration and consequently the recharge are limited. Thus,
recharge through the river channel is a natural phenomenon
and most probably with a high infiltration rate but with lim-
ited and often insufficient volumes for domestic use due to
the limited infiltration surface area.

There are two common ways for providing water for the
rural community (1) storage dams about which several stud-
ies have indicated their inefficiency due to the high poten-
tial for evaporation, silting, filling up of the reservoir with
sediments, cost of construction, environmental impact, and
(2) artificial recharge. However, arid zone flash floods carry
a high load of suspended materials that may cause clogging
in artificial recharge systems. Studies have demonstrated that
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many floodwater harvesting systems in arid areas were aban-
doned after several years of operation due to clogging, but,
for most of them the author(s) did not give any reason for
site selection, inspection, and maintenance of the system.
The FWS system constitutes a low-cost passive technology
that may give high return in terms of increased groundwa-
ter supply. Owing to that, the FWS system, as well as all
water/hydraulic infrastructure projects and techniques need
regular inspection and maintenance.

One reason among many for abandoning FWS systems is
improper site selection. The water harvesting method applied
strongly depends on local conditions and includes widely dif-
fering practices, such as bunding, pitting, micro-catchment
water harvesting, floodwater and groundwater harvesting
(e.g. Critchley et al., 1991; Prinz, 1996). In order to find the
most appropriate technique, the area must be studied in terms
of soil properties, geology of the upstream catchment, to-
pography, floodwater quantity and quality, climatology, hy-
drology, etc., before establishing such systems. In addition,
since the FWS system requires an extensive area, the sed-
iment may spread over a large area with relatively limited
thickness. However, this property creates limitations for site
selection, which tends to be site-specific. This is an area for
future research.

Another discussion point is the unspecified budget at the
government level for such projects in many arid/semiarid
countries. Unfortunately, once the system has been estab-
lished, no or insufficient budget may be allocated to main-
tain the system. Our studies show that after the first year of
operation about 20 % of the initial cost of the project should
be allocated for maintenance and from then, 10 % is required
for an annual maintenance. However, this may increase af-
ter each significant flood. Hence, continuous maintenance is
a basic requirement to have a fully functional system. Sedi-
ments, just like other problems, can be managed, for example
silt can be removed every few years.

In summary, clogging and siltation in all artificial recharge
systems as well as all water structures are inevitable and re-
sult in less efficiency. According to this, the studied system
in the beginning was assigned a 12 to 15 yr lifetime. But our
studies and particularly the one presented here show that the
system is still working well after about 30 yr. Hence, with
regular inspection and maintenance of such systems, their
lifetime and efficiency will be much longer, and they will
yield a high return in terms of small yearly investments.

5 Conclusions

Artificial recharge plays a significant role in improving the
groundwater resources in the arid and semiarid Middle East.
In order to understand the function and efficiency of artificial
recharge systems, the contribution of such systems in total
recharge needs to be quantified using a proper technique.

There are a great many advantages in modeling long-term
natural and artificial recharge for complex natural systems
to overcome some of the problems associated with the lack
of data in Middle Eastern countries. However, there is still a
lack of understanding of the recharge processes for both nat-
ural and artificial recharge zones in arid areas. Monitoring the
natural and artificial recharge systems combined with mod-
eling techniques is an appropriate way to better estimate arid
and semiarid region recharge. The methodology presented in
this study was based on groundwater inverse modeling to es-
timate the contribution of natural and artificial recharge in a
complex system. The fundamental benefit of inverse ground-
water modeling is its ability to automatically calculate pa-
rameter values that produce the best fit between observed
and simulated hydraulic heads and flows (e.g. Poeter and
Hill, 1997).

The only available groundwater data for this study were
observed water levels for 6 monitoring wells (the oldest in-
stalled around 1993). For this reason, an inverse modeling
approach was developed in which a confidence interval of
the estimated parameters and sensitivity to the observations
and parameters carefully were checked in all model steps in
order to decrease the level of uncertainty. Our aim was to
provide an approach capable of estimating the recharge pa-
rameters in such complex systems even with the scarcity of
available data.

The modeling results show that, assuming the observation
wells are representative of the behavior of the studied area’s
aquifer, in a normal year without an extreme event the con-
tribution of natural recharge to the groundwater storage from
the river channel is about 20 % and the contribution of arti-
ficial recharge from the FWS systems is about 80 %. There-
fore, the FWS system is the main source of recharge in the
studied area.

There are very few studies and inadequate information
about the recharge estimates through the ephemeral chan-
nels where there is an extra effect on the groundwater system
by an artificial recharge system. But the methodology pre-
sented here can be used as representative for such complex
systems in estimating recharge and quantifying the contri-
bution of different recharge sources in an area. In the arid
Middle East there are numerous newly developed artificial
(as well as traditional) recharge techniques. The model ap-
proach developed in this paper could be used to assess the
improvement in recharge by any kind of modification and a
way to optimize recharge systems.

Finally, in order to reduce the uncertainty of the estimated
recharge, water movement through the unsaturated zone un-
der both river bed and flood spreading area needs to be stud-
ied. For this reason, the research by Dahan et al. (2003, 2009)
can be a preferred method to monitor the water content in va-
dose zone.
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Şen, Z.: Wadi hydrology, 1st Edn., CRC Press, Taylor & Francis
Group, 347 pp., 2008.

Shaki, A. and Adeloye, A.: Mathematical modelling of effects
of Irawan irrigation project water abstractions on the Murzuq
aquifer systems in Libya, J. Arid. Environ., 71, 133–156, 2007.

Sonnenborg, T. O., Christensen, B. S. B., Nyegaard, P., Henrik-
sen, H. J., and Refsgaard, J. C.: Transient modeling of regional
groundwater flow using parameter estimates from steady-state
automatic calibration, J. Hydrol., 273, 188–204, 2003.

Sophocleous, M. A.: Combining the soilwater balance and
water-level fluctuation methods to estimate natural ground-
water recharge: Practical aspects, J. Hydrol., 124, 229–241,
doi:10.1016/0022-1694(91)90016-b, 1991.

Sutanudjaja, E. H., van Beek, L. P. H., de Jong, S. M., van Geer,
F. C., and Bierkens, M. F. P.: Large-scale groundwater model-
ing using global datasets: a test case for the Rhine-Meuse basin,
Hydrol. Earth Syst. Sci., 15, 2913–2935,doi:10.5194/hess-15-
2913-2011, 2011.

Taylor, R. G. and Howard, K. W. F.: Groundwater recharge in the
Victoria Nile basin of east Africa: support for the soil mois-
ture balance approach using stable isotope tracers and flow mod-
elling, J. Hydrol., 180, 31–53, 1996.

Todd, D. K. and Mays, L. W.: Groundwater hydrology, 3rd Edn.,
Wiley, Hoboken, NJ, xvii, 636 pp., 2005.
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