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Abstract Gediz Basin, located in the western part of
Turkey constituting 2% land of the country, has an
important groundwater potential in the area. Alasehir
sub-basin, located in the southeast of the Gediz Basin
and subject to the extensive withdrawal for the irriga-
tion, constitutes the study area. Natural recharge to the
sub-basin due to precipitation is numerically investigat-
ed in this study. For this purpose, 25 research wells,
whose depths range from 20 to 50 m, were drilled to
observe the recharge and collect the necessary field data
for the numerical model. Meteorological data were col-
lected from 3 weather stations installed in the study area.
The numerical model HYDRUS was calibrated using
the field water content data. Soil characterization was
done on the core samples; the aquifer characterization
was performed, and the alluvial aquifer recharge due to
precipitation was calculated. As a result, the computed
recharge value ranges from 21.78 to 68.52 mm, with an

average value of 43.09 mm. According to the numerical
model, this amount of recharge corresponds to 10% of
the amount of annual rainfall.

Keywords Aquifer recharge .Alaşehirsub-basin .Gediz
Basin . Precipitation .Model calibration and validation .

Numerical modeling

Introduction

Traditional water storage areas are known to be dams.
However, dams have various disadvantages such as
evaporation losses (about 2 m per year in dry and warm
climates), potential and structural losses, sediment de-
position, and ecological and environmental factors
(Devine 1995; Knoppers and van Hulst 1995; Pearce
1992). Dams may not be suitable for long-term water
storage. On the other hand, groundwater recharge and
underground storage areas have the advantage of virtu-
ally zero evaporation from the aquifer. For this reason,
groundwater recharge has become a growing practice in
many parts of the world.

Estimation of groundwater recharge is crucial for
sustainability of aquifers, management of water re-
sources, and water potential in a basin (De Silva
2015). Recharge estimation is a difficult process to be
determined in areas where the groundwater table is deep
and limited by the availability of water on the soil
surface due to external conditions such as amount of
nutrients, evaporation, precipitation, temperature, and
climatic factors (De Silva 2015). It is becoming a more
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important issue in the future as the rapidly growing
population needs more water and requires more storage
of water to save in case of water shortage.

Natural recharge of the groundwater is the amount of
water reaching the water table by draining down through
the vadose zone (Rushton and Ward 1979). Groundwa-
ter recharge affects the amount of water that can be kept
in an aquifer in the long term and it is therefore of great
importance in the assessment of any groundwater re-
sources. The amount of water from an aquifer depends
primarily on the recovery of groundwater.

Being an agricultural and industrial region, the agri-
culture and animal husbandry is the subsistence of the
population in Alaşehir sub-basin. The recent reduction
in precipitation and high evaporation rates in the region
has increased the groundwater requisition for agricultur-
al irrigation. Within the context of this study, the
groundwater recharge estimation is carried out for the
sustainability of alluvium aquifer in the Alaşehir sub-
basin.

Description of the study area

Gediz Basin is one of the most important basins cover-
ing about 2% of Turkey. Alaşehir sub-basin, which is the
study area, is located in the south-eastern part of Gediz
basin and constitutes 15.8% of the basin (Fig. 1).
Alaşehir sub-basin is 140 km long and 15 km wide
between Alaşehir and Salihli in the northwest-
southeast direction. The total drainage area of Alaşehir
sub-basin is 2710.5 km2 and the sub-basin has a very
wide area. The altitude of the sub-basin, which is a
typical depression basin, ranges from 83 to 2155m from
the sea level. The upper parts of the basin are surrounded
by Bozdağ and Seyran mountains. In the study area,
agricultural irrigation is made extensively. The water
used for agricultural irrigation is provided from the
groundwater in the basin, Avşar Dam in the west of
the basin and Derbent Dam in the south.

Geology

The Paleozoic-aged Menderes metamorphic rocks form
the basement of the Alaşehir plain and are observed
outcropping in the eastern and western parts of the plain.
The Menderes metamorphic rocks consist of mica and
chlorite schists in their lower levels and dolomitic

marble in their upper sections (Fig. 2). These schists
are nearly impermeable and therefore do not supply
significant amounts of groundwater. The Neogene For-
mation, formed of limestone and claystone, overlies
basement rock. This formation is widely observed in
the western part of the study area. Finally, Quaternary
alluvial layers overlie the basement and the Neogene
Formation in the study area. The thickness of the allu-
vial layer ranges from 50 to 250 m in Alaşehir plain
(Fig. 3).

The evaluation of the geological characterization re-
sults revealed that the most important water-bearing
units in the study area are alluvial aquifer. The Quater-
nary surficial aquifer is composed of alluvial deposits. It
is the main water-supplying strata within the study area.
Based on the analysis of the water table, the groundwa-
ter flow direction in the project area was determined to
be from south to northwest in alluvial aquifer.

Hydrogeological characteristics of geological units

Determination of hydraulic parameters of saturated zone
in aquifer in the study area is important for
hydrogeological studies. In this context, pumping tests
were performed in wells drilled for determination of
hydraulic parameters of saturated zone of Alluvium
and Neogene aquifer. For the hydraulic parameters of
the aquifer, 10 pumping wells were opened (Fig. 4). For
the pumping wells, a submersible pump capable of
production with a flow rate of 3–5 L/s is used. Produc-
tion was made from wells and decreases were observed.
According to the pumping test data, hydraulic parameter
data set was formed. Since the Neogene units did not
offer a scattered and monolithic area in the area, and due
to the lack of sufficient data, a distribution map was not
established. The alluvium aquifer was subjected to
aquifer-based analysis because it was the most impor-
tant aquifer in the area. Specific flow rate, transmissiv-
ity, storage coefficient, and hydraulic conductivity,
which are obtained from pumping tests, are discussed
in detail.

Specific flow rate (Qs)

The specific flow rate of the aquifer is defined as the
flow corresponding to 1-m drop. The unit is L/s/m.
Specific flow rate was obtained from the pump wells
drilled in the study area. The specific flow rate for the
alluvium aquifer ranged from 0 to 23 L/s/m, with an
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average of 9 L/s/m. Alluvium offers a very wide range
of specific flow rates according to the material proper-
ties of the aquifer (Fig. 5). Particularly, the alluvial fans
have a high specific flow rate, while the middle and
eastern sections with fine-grained material offer a lower
specific flow rate. These areas are Tepeköy, Baklacı, and
Sarıgöl which are dominated by clays. The specific flow
rates of the Neogene clastic units range from 0.06 to
18.26 L/s/m and the average is 3.44 L/s/m. According to
the average specific flow rate, alluvial aquifer flow
values were higher than Neogene units. In this context,
the alluvium aquifer is an important unit in terms of
quenching potential (Fig. 5).

Transmissivity (T)

The transmissivity value known as the water conduction
capacity along the thickness of the aquifer was obtained
from the pump wells opened in the project site and from
the previously opened well data. It is one of the param-
eters that are important in the evaluation of the potential
of the groundwater to be provided by the aquifer. Trans-
missivity values were obtainedwith the help of pumping
test data. In addition, a data set was formed with alluvi-
um aquifer transmissivity values determined by DSI.
With all these data, the transmissivity value for the
alluvium aquifer ranged from 8to 5694 m2/day and the

Fig. 1 Location map of the study area
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average value was determined as 782 m2/day. Transmis-
sivity distribution map is given in Fig. 6.

As can be seen in Fig. 6, areas with high conductivity
in terms of groundwater potential show similar changes
with the specific flow rate map. High value was obtain-
ed in a well opened in sandstone. Especially in Tepeköy
and the surrounding area, due to the high percentage of
clay material, the permeability is low, and therefore, the
transmissivity value is parallel (Fig. 6).

Storage coefficient

The storage coefficient is an important parameter for
determining the volume of water in the aquifer, which is
difficult to determine in the field. In order to determine
the storage coefficient, the research well should be
opened near the pumping well and the drop should be
monitored from this well. In the study area, a storage
coefficient distributionmapwas created for the alluvium
aquifer using pumping test data and the storage coeffi-
cient data previously made by DSİ (Fig. 7).

The aquifer storage coefficient in the study area
ranged from 0.01 to 0.35 and an average of 0.07 was
obtained. In some areas, less than 0.01 is obtained and it
is understood that the aquifer offers a semi-confined
feature. In Neogene units, however, storage coefficient
was obtained in two wells and ranged from 0.018 to
0.067.

Hydraulic conductivity

Hydraulic conductivity is a measure of the water trans-
mission capacity of soils. Hydraulic conductivity is a
parameter that can be determined in the laboratory and
in the field. Permeability tests in the laboratory are
carried out with constant level permeability tests on
coarse grained soils, while falling level permeability
tests are applied on fine-grained units such as sand and
clay. In the field, hydraulic conductivity can be calcu-
lated from pumping test (withdrawal water from soil)
and borehole tests (sending water to soil). In this study,
hydraulic conductivity values were obtained by

Fig. 2 Geology map of the study area
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borehole tests in the field. In addition to the values
obtained from the pump tests, well test data belonging
to DSI have been used. Finally, hydraulic conductivity
was obtained for the alluvium aquifer (Fig. 8).

It was seen that the calculated hydraulic conductivity
values are low and close to each other. This is due to the
fact that the soil groups are dominated by fine-grained
soils at different depths and the alluvium in the region is
highly heterogeneous. The permeability values are rang-
ing from 0.01 to 46 m/day in the study area (Fig. 8).

Material and methods

Research wells

The groundwater estimation study in Alasehir Plain was
conducted as a two-stage process: (1) field studies and

(2) HYDRUS 1D modeling. During the first stage, a
drilling application survey was conducted. In order to
define the alluvium aquifer lithology of the study area,
research wells with a total depth of 1080 m were drilled
at 25 points (SK-1 to SK-25) (Fig. 9). These wells
represent the observation wells in the study area. These
drilled wells were used to determine the hydraulic prop-
erties of the vadose zone of aquifer. The depth of the
research wells ranged from 20 to 50 m. The well loca-
tions were chosen such that they are located far from the
pollutant effects and they correctly reflect the properties
of the alluvium aquifer in the study area.

In order to determine the vadose zone hydraulic
conductivity value, falling permeability test was applied
during the well operation. In this study, hydraulic con-
ductivity values which were obtained by borehole tests
in the field were used in HYDRUS 1D model program.
In addition, 3 weather stations were installed at (MT-1),
(MT-2), and (MT-3) for measuring hourly meteorologi-
cal data such as precipitation and air temperature. From
July 16, 2016, to July 31, 2017, the meteorological data
were collected from these weather stations on a regular
basis. Thornthwaite method (Thornthwaite 1948) was
used to obtain the runoff, actual and potential evapo-
transpiration in the study area.

HYDRUS 1D model

In the second stage, HYDRUS 1Dmodel was applied to
predict recharge rate for the alluvial aquifer. HYDRUS
1D is a computer-based program for numerically solv-
ing Eq. (1), developed by Richards (1931), for transient
flow in saturated and unsaturated soils (Blonquist et al.
2006).

∂θ hð Þ
∂t

¼ ∂
∂z

K hð Þ ∂h
∂z

� �
þ ∂K hð Þ

∂z
−S hð Þ ð1Þ

where K is the hydraulic conductivity [L T−1], θ is the
water content [−], h is the pressure head [L], z is the
vertical distance [L], t is the time [T], and S is the sink
term [L3 L−3 T−1]. The first term stands for the effect of
capillarity on water movement, while the second term
explains the effect of gravity on water movement. As
can be seen from the Eq. (1), there are two dependent
variables: water content and pressure head. The
Richards equation can be solved numerically using ap-
propriate initial and boundary conditions.

Fig. 3 Generalized stratigraphic section of the study area
(modified from Çiftçi and Bozkurt 2009)

Page 5 of 19 610Environ Monit Assess (2019) 191: 610



HYDRUS 1D allows the use of 5 different analytical
models for hydraulic features. These are Van Genuchten
(1980), Brooks and Corey (1964), Vogel and Cislerova

(1988), Kosugi (1996), and Durner (1994). The hydrau-
lic features of VanGenuchten (1980) were chosen in this
study because hydraulic properties are generally

Fig. 4 Pumping wells in the study area

Fig. 5 Specific flow rate (Qs) of the geological units in the area
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described using the pore size distribution model of
Mualem (1976) together with the water retention func-
tion defined by Van Genuchten (1980).

The most widely used water retention function was
developed by Van Genuchten (1980);

Se hð Þ ¼ 1

1þ −αhð Þn½ �m ð2Þ

where Se (h) is the soil water saturation; α [L−1], n [−],
and m [−] are the auxiliary parameters. Here, it is written
as Se (h) instead of Se to emphasize that the effective
saturation is a function of the pressure head.

θ hð Þ ¼ θs−θr
1þ −αhð Þn½ �m þ θr ð3Þ

Fig. 6 Transmissivity (T) values of the geological units

Fig. 7 Storage coefficient of the geological units
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Fig. 8 Hydraulic conductivity values of alluvium aquifer in vadose zone

Fig. 9 Research wells in the study area

610 Page 8 of 19 Environ Monit Assess (2019) 191: 610



where θ is the water content [−], θs is the saturated water
content [−], θr is the residual water content [−], n, α is
the parameter and m ¼ 1− 1

n.

K hð Þ ¼ KsSle 1− 1−S1=me

� �mh i2
ð4Þ

where K(h) is the hydraulic conductivity in the matric
potential (m) (pressure head), Ks is the hydraulic con-
ductivity in saturated conditions, Se is the effective water
content, and l is the parameter describing the pore struc-
ture of soil.

There are 6 independent parameters: θr, θs, α, n, m,
and l. The pore connection parameter l in the hydraulic
conductivity function is estimated to be about 0.5 on
average for most soils (Mualem 1976). The recommend-
ed vanGenuchten parameters for 12 different soil types
are given in Table 1. vanGenuchten parameters for the
research wells are given in Table 2 (Tonkul 2018).

Soil water retention curves, which are called the
moisture release curve or drying curve, are often drawn
from high water content to low water content. When the
soil sample is re-saturated after drying, the matric po-
tential (the pressure head in the unsaturated zone) may
not be the same. In the soil water retention curves, the
wetting curve is usually drawn below the drying curve.
This situation is known as hysteresis. In HYDRUS 1D
software program, it is assumed that the value of θr, θs,
and n remains constant in dry and wet conditions in
order to determine the hysteresis (Simunek et al. 2008).

Table 1 vanGenuchten hydraulic parameters for 12 different soil
types (Van Genuchten 1980)

Soil type θr
[L3 L−3]

θs
[L3 L−3]

α
[cm−1]

n
[−]

Sand 0.053 0.375 0.035 3.18

Loamy sand 0.049 0.0390 0.035 1.75

Sandy loam 0.039 0.387 0.027 1.45

Loam 0.061 0.399 0.011 1.47

Silt 0.05 0.489 0.007 1.68

Silty loam 0.065 0.439 0.005 1.66

Sandy clay loam 0.063 0.384 0.021 1.33

Clay loam 0.079 0.442 0.016 1.41

Silty clay loam 0.09 0.482 0.008 1.52

Sandy clay 0.117 0.385 0.033 1.21

Silty clay 0.111 0.481 0.016 1.32

Clay 0.098 0.459 0.015 1.25

Table 2 vanGenuchten parameters of research wells (Tonkul
2018)

Well ID
(Depth, m)

θr
[−]

θs
[−]

α
(1/m)

n
[−]

l
[−]

SK-1
(0–5)

0.045
0.034
0.034

0.43
0.46
0.46

14.5
1.6
1.6

2.68
1.37
1.37

0.5
0.5
0.5

SK-2
(0–2)

0.07 0.36 0.5 1.09 0.5

SK-3
(0–4)

0.07
0.068

0.36
0.38

0.5
0.8

1.09
1.09

0.5
0.5

SK-4
(0–38.5)

0.07
0.068
0.07
0.07
0.034

0.36
0.38
0.36
0.36
0.46

0.5
0.8
0.5
0.5
1.6

1.09
1.09
1.09
1.09
1.37

0.5
0.5
0.5
0.5
0.5

SK-5
(0–3)

0.07 0.36 0.5 1.09 0.5

SK-7
(0–25)

0.1
0.045
0.045
0.078

0.38
0.43
0.43
0.43

2.7
14.5
14.5
3.6

1.23
2.68
2.68
1.56

0.5
0.5
0.5
0.5

SK-8
(0–4)

0.1 0.38 2.7 1.23 0.5

SK-10
(0–21.5)

0.1
0.045

0.38
0.43

2.7
14.5

1.23
2.68

0.5
0.5

SK-11
(0–10)

0.1 0.38 2.7 1.23 0.5

SK-12
(0–9)

0.1 0.38 2.7 1.23 0.5

SK-13
(0–23)

0.1
0.034
0.1

0.38
0.46
0.38

2.7
1.6
2.7

1.23
1.37
1.23

0.5
0.5
0.5

SK-14
(0–25.4)

0.1
0.034
0.1

0.38
0.46
0.38

2.7
1.6
2.7

1.23
1.37
1.23

0.5
0.5
0.5

SK-17
(0–15.8)

0.1 0.38 2.7 1.23 0.5

SK-18
(0–37.8)

0.068
0.1
0.1
0.1
0.034
0.1

0.38
0.38
0.38
0.38
0.46
0.38

0.8
2.7
2.7
2.7
1.6
2.7

1.09
1.23
1.23
1.23
1.37
1.23

0.5
0.5
0.5
0.5
0.5
0.5

SK-19
(0–17.1)

0.068 0.38 0.8 1.09 0.5

SK-20
(0–19.9)

0.034
0.068
0.045

0.46
0.38
0.43

1.6
0.8
14.5

1.37
1.09
2.68

0.5
0.5
0.5

SK-21
(0–37)

0.034
0.1
0.045
0.068

0.46
0.38
0.43
0.38

1.6
2.7
14.5
0.8

1.37
1.23
2.68
1.09

0.5
0.5
0.5
0.5

SK-22
(0–25.74)

0.1
0.045
0.078

0.38
0.43
0.43

2.7
14.5
3.6

1.23
2.68
1.56

0.5
0.5
0.5

SK-23
(0–10.53)

0.078
0.045

0.43
0.43

3.6
14.5

1.56
2.68

0.5
0.5
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Only the α parameter changes (Anlauf et al. 2012). For
this reason, no hysteresis option was selected in
HYDRUS 1D.

Result and discussion

Meteorological characteristics

Three weather stations were installed Yeşilova (MT-1),
Alhan (MT-2), and Çavuşlar (MT-3) regions (Fig. 10).
The meteorological data such as the amount of precip-
itation, wind direction and speed, humidity, and air
temperature were measured from these stations. All
three stations have a data bank that records data every
1 hour and was set to measure the same parameters at
the same time intervals. Stations belonging to the Gen-
eral Directorate of State Hydraulic Works (DSİ) and the
General Directorate of Meteorology, which are located
in the basin, were taken into consideration in the loca-
tion selection of the stations.

From July 16, 2016, to July 31, 2017, meteorological
data were collected from these weather stations on a reg-
ular basis for 1 year. At the same time, using Thornthwaite

method, potential evapotranspiration (PET), actual evapo-
transpiration, and runoff values of Alaşehir sub-basin were
determined by using monthly average temperature values
obtained from weather stations.

One-year long-term meteorological monitoring stud-
ies were carried out at the weather stations located at
three different locations in the study area. Accordingly,
daily temperature and rainfall change graphs for meteo-
rological stations were presented in Figs. 11, 12, and 13.

The highest temperature recorded by the Yeşilova
(MT-1) weather station was 41.6 °C in July 2017, while
the lowest temperature was measured as − 5.9 °C in
December 2016 (Fig. 11a).

Accordingly, there is a similarity between daily tem-
perature change and rainfall graphs recorded at all three
weather stations. When the daily temperature change
graphs recorded by the weather stations of Yeşilova
(MT-1), Alhan (MT-2), and Çavuşlar (MT-3) are dealt,
the lowest temperatures measured for the Alaşehir sub-
basin are between November 2016 and March 2017
(Figs. 11a, 12, 13a).

The mean minimum and maximum temperatures mea-
sured for the study area from the three weather stations
were obtained as 5.8 °C and 30.05 °C, respectively.

Fig. 10 Location of weather stations
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Using the daily temperature from the weather stations,
the potential evapotranspiration values for the basin were

first determined by the Thornthwaite method and then the
actual evapotranspiration and runoff values were obtained.
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Fig. 11 Daily temperature (a)
and rainfall change (b) graphs of
the Yeşilova (MT-1) weather
station
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Fig. 12 Daily temperature (a)
and rainfall change (b) graphs of
the Alhan (MT-2) weather station
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Thornthwaite method

The Thornthwaite method is one of the methods devel-
oped to determine the amount of evaporation in drainage
basins. This method is based on empirical methods
derived from precipitation for many drainage basins
and potential evaporation values can be found with Eq.
(5) (Thornthwaite 1948).

PET ¼ 1:6� 10T=Ið Þa ð5Þ

a ¼ 6:7� 10−7 � I3−7:7� 10−5 � I2 þ 1:8

� 10−2 � I þ 0:49 ð6Þ
where T is the monthly mean temperature (°C), I is the
heat index value at the given average temperature, and a
is the exponent defined as the function of the heat index.
Thornthwaite (1948) noted that a long-term meteorolog-
ical data is needed in this method, which is widely used in
climate classification of any region. Monthly mean tem-
perature values for theAlaşehir sub-basin weremonitored
from data obtained from meteorological stations for 1
year (Figs. 14, 15, and 16). The heat index values corre-
sponding to the obtained average monthly temperature

values were obtained from the Thornthwaite heat index
table (Table 3).

The heat index values corresponding to the average
monthly temperature values are presented in Table 4.
Sunshine periods for the Alaşehir sub-basin were ob-
tained from the Ministry of Energy and Natural Re-
sources website (E.İ.E 2017). The monthly average
temperature values in Table 4 are average values obtain-
ed from all three meteorological stations.

These values were then multiplied by the latitude
correction coefficient according to the sunshine hours
and the geographical latitude of the study area, and the
potential evapotranspiration values for the Alaşehir sub-
basin were calculated. From this, actual evapotranspira-
tion and runoff values were obtained for the study area
(Table 5).

Potential evapotranspiration (PET) refers to the evap-
oration that occurs when there is maximum humidity in
the environment. The potential evapotranspiration
values with the increasing humidity in Alasehir sub-
basin have the highest levels in summer. Actual evapo-
transpiration is computed to be less than the potential
evapotranspiration values because it is limited only to
soil moisture. The actual evapotranspiration value com-
puted for the study area for a total of 1 year is 408.91
mm/year.
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Fig. 13 Daily temperature (a)
and rainfall change (b) graphs of
the Çavuşlar (MT-3) weather
station
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The potential evapotranspiration values in the
Alaşehir sub-basin are well above the rainfall for a 1-
year period. Thus, the total annual potential evapotrans-
piration is computed as 902.92 mm/year, while the total
annual rainfall is measured as 457 mm/year. According-
ly, in the months when the potential evapotranspiration
was above the rainfall, runoff was computed as 0 mm.
For Alaşehir sub-basin, runoff is 0.66 mm in November
2016, 93 mm in January 2017, and 3.88 mm in
March 2017 and total runoff was obtained as 97.54
mm/year. Note that rainfall is much more than the po-
tential evapotranspiration in these months (Table 5).

According to the data obtained from weather stations,
it was concluded that the study area is the continental
transition characteristic from the inner Aegean and Med-
iterranean climate. The annual mean temperature value in
the Alaşehir sub-basin was measured as 16.25 °C. When
the temperature change graphs of the Alaşehir sub-basin
are examined, it is seen that themean temperature value is
much higher than the annual mean temperature value.
The fact that the long-term mean temperature is higher
than the annual mean temperature indicates that the basin
has an arid period. In addition, the fact that the high
evaporation values in the study area are higher than the
rainfall is evidence that the Alaşehir sub-basin is located
in an arid climate region (Tonkul 2018).

Alluvium aquifer recharge computation

HYDRUS 1D model simulation

In HYDRUS 1D modeling, first, depth of the soil
layer in vadose zone, axis of water movement, and
number of materials were entered as input; the
length unit was determined in meters and time peri-
od was selected as year. Profile discretization was
made by dividing it into 101 nodes for one research
well.

In HYDRUS 1D program, the number of time
variable boundary records was selected as 12 for 1-
year period. The wide array of time scales required to
efficiently simulate the flow pathways is the most
important problem of the modeling. Therefore, un-
saturated flow numerically requires small time steps
in the order of seconds to describe the vertical move-
ment of moisture in the unsaturated domain, whereas
the groundwater flow can be run with time steps in
the order of days.

Finally, weather data obtained from weather stations
were assigned to the program and the model was created
separately for each research well, selecting appropriate
initial and boundary conditions. Weather station data is
given in Table 5.
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Fig. 14 Monthly mean
temperature change graph of
Yeşilova (MT-1) weather station
for 1 year
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Fig. 15 Monthly mean
temperature change graph of
Alhan (MT-2) weather station for
1 year
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Initial and boundary condition

Initial condition The solution of groundwater flow
equations requires the specifications of appropriate ini-
tial and boundary conditions. HYDRUS 1D allows the
use of the following initial conditions for water content
and pressure head;

θ z; tð Þ ¼ θi z; 0ð Þ; ð7Þ

h z; tð Þ ¼ hi z; 0ð Þ; ð8Þ
where θi [−] and hi [L] represent water content and
pressure head, respectively. Accordingly, water content
values of the vadose zone determined in the laboratory
were used in the study as initial condition (Eq. (7)).

Boundary conditions The atmospheric boundary condi-
tion with surface runoff is one of the system-dependent
boundary conditions of HYDRUS-1D program, which
represents the soil-air interface exposed to atmospheric
conditions. In atmospheric boundary condition with
surface runoff, the potential flow is completely

controlled by meteorological conditions such as precip-
itation and evaporation along this interface. The soil
surface boundary conditions may vary from the predict-
ed flow to the predicted head conditions. This occurs
when the precipitation exceeds the infiltration capacity
of the soil. On the other hand, it causes the rainwater to
accumulate on the soil layer depending on soil
conditions.

Free drainage boundary condition can be applied if
there is groundwater below the flow domain. Free drain-
age boundary condition cannot be used for edges of flow
domain. For this purpose, the bottom of the flow domain
was selected as free drainage boundary condition.While
determining the upper and lower boundaries, it is as-
sumed that infiltration takes place only in the vertical
direction for vadose zone and no flux occurs from lateral
boundary.

Model calibration and validation

Model calibration is generally defined as the process of
tuning a model for a particular problem by manipulating
the input parameters (e.g., soil hydraulic parameters)

Fig. 16 Monthly mean
temperature change graph of
Çavuşlar (MT-3) weather station
for 1 year

Table 3 Heat index values calculated by Thornthwaite (1948)

Temperature (°C) 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0 0 0 0.01 0.01 0.02 0.03 0.04 0.05 0.06 0.07

5 1.00 1.03 1.06 1.09 1.12 1.16 1.19 1.22 1.25 1.28

10 2.86 2.90 2.94 2.99 3.03 3.07 3.12 3.16 3.21 3.25

15 5.28 5.33 5.38 5.44 5.49 5.55 5.60 5.65 5.71 5.76

20 8.16 8.22 8.28 8.34 8.41 8.47 8.53 8.59 8.66 8.72

25 11.44 11.50 11.57 11.64 11.71 11.78 11.85 11.92 11.99 12.06

30 15.07 15.15 15.22 15.3 15.38 15.45 15.53 15.61 15.68 15.76

35 19.03 19.11 19.20 19.28 19.36 19.44 19.53 19.61 19.69 19.78

40 23.30 23.38 23.47 23.56 23.65 23.74 23.83 23.92 24.00 24.09
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and initial or boundary conditions within reasonable
ranges until the simulated model results closely match
the observed variables. In the HYDRUS 1D, inverse
modeling is a form of model calibration. Inverse model-
ing requires a set of observed data, such as measured
water contents or pressure heads. In model calibration,
the objective is usually to obtain better model predic-
tions. The HYDRUS models have an inverse modeling
capability.

In this study, monthly mean observed water con-
tents from soil moisture sensor located in Hacılı
region and SK-2 well were used to calibrate
HYDRUS 1D model. For the calibration stage, the
observed and simulated water contents are shown in

Fig. 17 where the observed water content is simulated
well, with R2 = 0.75.

Figure 17 illustrated a good agreement between
modeled and observed soil moisture content as indicated
by high R2 which was found to be 0.75. Again, it
concluded a good agreement between modeled and
observed pressure head (Fig. 18).

Based on these results, the limitations of the
HYDRUS 1D model are given as follows:

– Core drilling and laboratory tests are needed for the
HYDRUS 1D model.

– HYDRUS 1D model can only be modeled using
research drilling data.

Table 4 Monthly mean tempera-
ture and heat index values of the
Alaşehir sub-basin (Tonkul 2018)

Months Mean temperature (°C) Heat index (I) Sunshine hours (h) Latitude
correction

January 4.4 0.82 4.6 0.85

February 8.5 2.23 5.45 0.84

March 12 3.76 6.57 1.03

April 15.4 5.49 7.62 1.10

May 19.8 8.03 9.49 1.23

June 24.4 11.02 11.32 1.24

July 27.6 13.28 11.77 1.25

August 27.3 13.07 11.06 1.17

September 22.9 10.01 9.26 1.04

October 17.3 6.55 7.11 0.96

November 11.7 3.62 5.22 0.84

December 3.8 0.66 3.94 0.83

Table 5 Weather data for the Alaşehir sub-basin (Tonkul 2018)

Months Rainfall (mm) Actual evapotranspiration (mm) Potential evapotranspiration (mm) Runoff (mm)

July-16 0.00 8.29 180.68 0.00

August-16 27.87 27.87 165.91 0.00

September-16 28.67 28.67 108.40 0.00

October-16 2.13 2.13 61.22 0.00

November-16 77.33 27.00 27.00 0.66

December-16 15.67 3.72 3.72 0.00

January-17 97.93 4.93 4.93 93.00

February-17 1.87 15.43 15.43 0.00

March-17 43.33 34.61 34.61 3.88

April-17 55.80 57.22 57.22 0.00

May-17 61.60 99.37 99.37 0.00

June-17 43.70 99.67 144.43 0.00
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– HYDRUS 1D models only the vertical flow as a
point.

– For point-based uses, the model only gives surface
infiltration and does not take into account the lateral
recharge of the aquifer.

– HYDRUS 1D can be used in regional or natural
groundwater recharge studies rather than aquifer-
based studies.

Alluvium aquifer recharge

HYDRUS 1D model was then applied to predict the
natural recharge values for the research wells. The ob-
tained values are presented in Table 6.

The recharge values range from 21.78 to 68.52 mm/
year, and the mean value of the recharge was obtained

43.09 mm/year (Table 6). This value accounts for 10%
of the precipitation rate employed in HYDRUS-1D
program. About 10% recharge value represents the re-
charge coefficient for the study area. In order to be able
to interpret how recharge values are distributed within
the basin in the modeling study, a spatial distribution
map of point recharge values was prepared (Fig. 19).
Alaşehir sub-basin recharge values distribution map was
created in the GIS by using interpolation method.

The obtained HYDRUS 1D point recharge values do
not reflect recharge in permeable stream beds and coast-
al alluvial fans. As shown in Fig. 19, higher recharge
values were obtained in the west part of the basin, while
lower recharge values were obtained in the east of the
basin. The highest recharge values were obtained in SK-
3, SK-4, SK-7, SK-18, and SK-22 wells. It is thought
that the most important factor here is the soil class in the
unsaturated zone. When SK-18 and SK-17 wells were
compared, the presence of some gravel units in well of
SK-18 directly increased the recharge value (Fig. 19).

The west part of the basin contains some gravel units
compared with east parts. Therefore, higher recharge
values were obtained in the west part of the study area
(Fig. 19). Recharge values obtained from the HYDRUS
model yielded results consistent with alluvium aquifer
hydraulic conductivity distribution map. It has been
concluded that in the basin where the hydraulic conduc-
tivity increases, the recharge values increase. Therefore,
the recharge mechanism of the alluvium aquifer is con-
trolled by soil class and hydraulic conductivity values.

In HYDRUS model, the value of water mass on the
surface to vertical infiltration is considered. Rainwater is
retained as water content when passing through unsatu-
rated zone.

Within the scope of the study, aquifer-based ground-
water recharge method was applied and a comprehen-
sive database on aquifer was presented. In line with the
targeted aim, an accumulation of knowledge has been
revealed to lead the studies to be carried out in the
alluvial aquifer such as Alaşehir region.

The results mentioned above have been compared
with the results of some researchers and similar relation-
ships have been obtained (Batalha et al. 2018; Caiqiong
and Jun 2016; Dandekar et al. 2018; Hou et al. 2017;
Kambale et al. 2017; Melki et al. 2017; Nasta et al.
2018; Szymkiewicz et al. 2018; Vogel 2019; Yang
et al. 2019). The most important difference of this study
from other groundwater recharge studies or
hydrogeological studies carried out in Turkey was to

Fig. 17 Observed (black curve) and simulated (blue curve) water
content in the parameter optimization

Fig. 18 Observed (black curve) and simulated (blue curve) pres-
sure head in the parameter optimization
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be made aquifer-based characterization and to be
opened observation wells for recharge. In this context,

it is proposed to create a groundwater flow model for
each aquifer at the next stage of this study.

Table 6 Groundwater recharge
values of research wells (Tonkul
2018)

Well ID Location Recharge (m/year) Recharge (mm/year)

SK-1 Karaoğlanlı 0.034832 34.83

SK-2 Taytan 0.021783 21.78

SK-3 Durasallı 0.060552 60.55

SK-4 YeşilovaTepe 0.060045 60.04

SK-5 YeşilovaMera 0.022264 22.26

SK-7 Kabazlı 0.062007 62.00

SK-8 Hacılı 0.052719 52.71

SK-10 Piyadeler 0.036315 36.31

SK-11 Toygarlı 0.036284 36.28

SK-12 Baklacı 0.034362 34.36

SK-13 Akkeçili 0.037306 37.30

SK-14 Tepeköy 0.036329 36.32

SK-17 Ahmetağa 0.036662 36.66

SK-18 Haceli 0.068521 68.52

SK-19 Sobran 0.034228 34.22

SK-20 Yeşilyurt 0.036294 36.29

SK-21 Ilgın 0.038805 38.80

SK-22 Piyadeler 0.062595 62.59

SK-23 Yeşilkavak 0.046808 46.80

Mean 43.09

Fig. 19 Alaşehir sub-basin recharge values distribution map created according to HYDRUS 1D model
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Conclusions

In the study area, in recent years, groundwater usage has
increased due to the decrease in surface water resources
and precipitation. Alaşehir sub-basin is one of the most
important agricultural basins where the grape cultivation
takes place. In the Alaşehir basin, which is under the
influence of excessive groundwater withdrawal due to
being an agricultural basin, there has been a rapid de-
crease in groundwater levels. Another factor which
causes the decrease in groundwater level is the uncon-
trolled drilling wells. In the basin, where the climate is
generally temperate, summer is quite hot and arid. The
rainfall is particularly prevalent in spring and summer.
Especially in the Aegean region including the study
area, meteorological data reveal that the decrease of
precipitation and the increase of evaporation amounts
are influenced by the climate change of the region. In
order to determine the impact of climate change and
excessive groundwater withdrawal in the study area,
groundwater recharge study was conducted. In this con-
text, HYDRUS 1D numerical model was used to deter-
mine the annual recharge value of the research wells for
1 year in the Alaşehir sub-basin.

According to HYDRUS 1D numerical model results,
the recharge value of annual rainfall is between 21.78
and 68.52 mm and the recharge value from the average
rainfall is 43.09 mm. The amount of recharge obtained
from direct rainfall corresponds to 10% of the amount of
rainfall. This value also represents the recharge coeffi-
cient for the study area. HYDRUS 1D model can be
employed for simulating vertical movement of flow, to
estimate spatial and temporal change in soil moisture
content and to predict recharge rates.

According to the recharge values, it concluded that
high evaporation values and excessive water with-
drawal in the Alaşehir sub-basin will continue to
threaten groundwater resources today and in the fu-
ture. In addition, the decline in rainfall will continue
to threaten groundwater levels, as well. If there is no
solution to the problems addressed in the Alaşehir
basin, there will be much more important problems
related to the decline of groundwater levels in the
coming period.
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