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ABSTRACT

This study investigated and quantified the temporal and spatial effects of drought on selected
irrigated crops and groundwater of a coastal aquifer (Giizelyurt/Morphou aquifer) in North Cyprus.
Coupled reconnaissance drought index (RDI) and crop water and irrigation requirements program
of Food Agricultural Organization (CROPWAT) simulation model is employed to quantitatively
evaluate the impact of drought on irrigation water requirement (IWR) of citrus and pomegranate
in different regions based on moderate, severe and extreme drought categories. The response of
groundwater to drought effect is investigated by analyzing the historical groundwater level (GWL)
data series with the standardized precipitation index (SPI) and RDI severity values and the trend
is examined using parametric and non-parametric statistical tests. During moderate, severe, and
extreme drought it is found that the increase in IWR of irrigated crops is 8%, 11%, and 16%, respec-
tively. Overall, the mean increase in IWR during dry years of drought is approximately 12%. In
general, the temporal rise and fall of GWLs of Giizelyurt/Morphou aquifer are closely related to the
positive and negative values of SPI and RDI with a mean correlation coefficient of 0.173 and 0.170,
respectively. These findings can be effective in strategizing sustainable plans against climate change

for integrated management of irrigated agriculture and groundwater resources.
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1. Introduction

According to the Intergovernmental Panel on Climate
Change, the world’s climate is changing at an unprecedented
rate that contributes to the frequency and magnitude of
extreme events such as floods and droughts [1]. Drought is
highly dependent on precipitation and its effect on agricul-
ture is both on rainfed and irrigated agriculture in terms of
reduced yield of crops and increased water demand for irri-
gation. Although irrigated agriculture is a major consumer
of global freshwater resources, it plays an important role in
agricultural production in maintaining global food safety
and availability [2]. The precipitation in the Mediterranean
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region is subjected to high inter-annual and seasonal vari-
ability with frequent occurrence of extreme flood and
drought [3]. Recent accelerated climate change in the Medi-
terranean has worsened existing environmental problems
interrelated with food security and agriculture, increasing
risks for the coming decades [4,5]. Based on [6], in the twen-
ty-first century, as mean global temperature increases, in the
Mediterranean region, precipitation will decrease at a rate
of around 4% and temperature will warm 20% more than
the global average, increasing the dependency on climate-
sensitive agriculture.

Direct and indirect impacts of climate change on the
quality and the number of groundwater resources, can no
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longer be hidden [7]. Groundwater is an essential source of
fresh water around the globe. It is a substantial economic
and strategic resource that provides water for domestic,
agriculture and industrial use. Groundwater depends upon
the natural recharge process which in turn among other fac-
tors, heavily relies on the distribution, timing, and quantity
of temperature, precipitation, and evapotranspiration [8].
Therefore, a shift in precipitation, temperature and evapo-
transpiration regimes, causes a profound negative impact
on the recharge rate, the depth of groundwater level (GWL)
and consequently the amount of the groundwater [9]. As a
consequence of this direct effect on natural processes of the
hydrological cycle, climate change and variability indirectly
affect the groundwater system through substantial change in
human activities [10]. The indirect effect leads to increased
abstraction and utilization of groundwater resources espe-
cially in areas where economic activities like irrigated agri-
culture heavily depend on groundwater [11].

Understanding that frequency of extreme events of cli-
mate change and variability, estimating and quantifying
the direct and indirect effect of drought on groundwater is
essential for sustainable management of this non-renewable
resource. Therefore, the main aim of this study is 1) to
assess and quantify the effect of drought on irrigation water
requirement (IWR) of irrigated crops by using process-based
crop simulation model and 2) to investigate the temporal and
spatial variability of GWL to drought by examining GWL
time series data of different observation wells. The drought
and non-drought years in the study area under consideration
are identified using the standardized precipitation index
(SPI) and reconnaissance drought index (RDI).

2. Material and methods
2.1. Study area

The North Cyprus that lies at the Eastern part of the
Mediterranean Sea has a semi-arid climate with mild and wet
winter and hot and dry summer. It has an average annual
rainfall of about 518 mm with 60% of rainfall taking place
during winter. Similarly, depending on the location, the
annual potential evapotranspiration varies between 1,541
and 2,296 mm. It is estimated that on average about 85% of
total annual rainfall is lost to evaporation, leaving out only
15% of the rainfall to contribute to total water budget [12].

In the past few decades due to intensified inter-annual
variations in precipitation, drought occurrence in the study
area has increased both in magnitude and frequency and
because of climate change, it is expected to increase further
in the future [13].

The study area is divided into five main agricultural
regions namely, Lefkosa, G.Magusa, Girne, Giizelyurt, and
iskele. Among these regions, the Giizelyurt region is the
main hub of agriculture production as well as a huge con-
sumer of irrigation water. The detailed map of the studied
region is given in Fig. 1.

Water resources in North Cyprus are very scarce with
groundwater constituting the major part of the water
resources [14]. The estimated annual abstraction from the
aquifers is approximately 98.6 million m? that fulfills more
than 95% of total annual water demand out of which 63.1 mil-
lion m?®is utilized for irrigation purposes. There are twen-
ty-three separate aquifers in the North Cyprus where the
three main aquifers are Kyrenia mountain aquifer, Giizelyurt/
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Morphou aquifer, and G.Magusa/Famagusta aquifer [15]. The
Glizelyurt/Morphou aquifer is currently one of the most
important aquifers as it supplies domestic and irrigation
water to two-third of the country. It is located on the west
coast near Morphou Bay and has an area of approximately
265 km? The aquifer is unconfined which makes it very
vulnerable to climate change. The thickness of the aquifer
varies between 45 and 100 m and is generally located on
the impermeable clay layer, 100-120 m below the sea level
[12,16]. The aquifer is mainly recharged by direct infiltration
of precipitations. Due to over-abstraction, the salinity of the
groundwater has increased and the saltwater intrusion has
now reached up to 4 km inland [16]. As such, the aquifer is
now seriously endangered by the over-abstraction, saltwater
intrusion, mismanagement and extreme events of climate
change such as drought.

2.2. SPI and RDI analysis

To quantify the impact of drought on irrigated agricul-
ture water requirement and groundwater resources, it’s
essential to choose suitable drought indices. There exist
more than 150 drought indices that can be used for drought
monitoring of meteorological, agriculture, hydrological
and socio-economic drought but each has its weakness and
strength [17]. In this study, SPI and RDI are used as both
have been widely implemented in several studies and tested
worldwide under climate change and variability for drought
characterization and monitoring, agriculture drought and
groundwater drought [18,19]. SPI is developed by McKee
et al. [20] and RDI is developed by Tsakiris and Vangelis
[21]. The solution methodology of SPI uses mean monthly
precipitation while RDI uses mean monthly precipitation
and temperature as the main input variable. The amount
of potential evapotranspiration in the study area, required
as an input for the RDI method, was calculated using the
empirical Thornthwaite method. The climatological data,
monthly records of precipitation and temperature of nine
meteorological stations situated in the five regions, are
acquired from the State Meteorological Department from
1977 to 2013. In this study, the 12-month time scale is adopted
for impact evaluation of drought by considering the hydro-
logical year rather than the natural calendar. Other time
scales were also analyzed but were not utilized. After the
completion of drought analysis, keeping into consideration
the aim of the study for agriculture drought only, moder-
ate, severe and extreme drought years are determined from
RDI severity values for each station and each year. Based
on this categorization, the corresponding rainfall values for
those specific years that fall under these three drought cat-
egories are identified and used as one of the inputs for crop
modeling. Similarly, a good wet year is also identified as the
reference year and its corresponding rainfall value is used in
crop modeling. The reference year considered is 2012-2013.

2.3. Crop modelling

The IWR of citrus and pomegranate under different
severity levels of drought is computed using the crop water
and irrigation requirements program of Food Agricultural
Organization (CROPWAT) 8.0 software. CROPWAT was

developed by FAO [22]. It reliably and efficiently simulates
crop water use and crop yield response to water stress under
various scenarios of climate, crop, and soil [23,24]. Crop
parameters, meteorological and climatic parameters, and
soil parameters are the inputs of CROPWAT. The outputs
are crop water requirement, irrigation requirement, actual
crop evapotranspiration, effective rainfall, daily soil mois-
ture deficit, and estimated yield. The necessary input data
to perform the simulation in this study is acquired from dif-
ferent sources. The climatological data required for building
the model were wind speed, mean maximum and minimum
daily temperature, mean humidity, sun hours, and monthly
records of precipitation. They were retrieved from the data-
base of the State Meteorological Department and CLIMWAT
[25] from 1977 to 2013. The historical production, cultivated
area and yield data of pomegranate and citrus between 1995
and 2012 are obtained from the Ministry of Agriculture and
Natural Resources. The crop parameters, crop coefficient val-
ues (K ) and yield response factor (K,) for initial, mid-season
and late crop growth stages, duratlon of crop growing stages,
planting and harvesting dates, crop development periods are
obtained from Food Agriculture Organization (FAO) [26].
The total available soil moisture of six dominant and asso-
ciated soils, covering the five regions was obtained from a
harmonized world soil database [27] and soil maps of North
Cyprus. Since in each region, soil characteristic was mainly
associated with total available soil moistures of 150, 130, and
100, therefore these are used for the simulation purposes.

2.4. Evaluating the impact of drought on irrigated crops

The number of cases generated using the CROPWAT
model amounts to 354. To quantitatively assess the impact
of drought on IWR of citrus and pomegranate for the
drought categories under the consideration in each region,
the increase in IWR rate is calculated. In crop modeling,
three different total available soil moistures were used for
each station and drought category. Similarly, some agricul-
ture regions had more than one station. To obtain the output
values based on drought categories in each region, the mean
values of the crop model output are calculated. The increase
in the IWR rate is identified by the difference between IWR
of the reference year and the IWR under different categories
of drought. The increase in IWR rate is expressed as:

~IWR,
i j x100% (1)

i,c,Ref

Increase in IWR rate, , . =-— TWR

[IWR

i,c,Ref

where the increase in IWR rate, , is the percentage change of
IWR at region i, drought category d and for crop c. IWR, , .is
the reference IWR at region i and for crop ¢ while, IWR, | is
the IWR at region i, drought category d and crop c. The neg—
ative sign is placed to make the rate positive demonstrating
an increase in IWR.

2.5. Evaluation of the drought impact on groundwater resources

The temporal-spatial impact of drought on groundwater
is investigated and quantified by analyzing and computing
the historical groundwater data series with the SPI and RDI
severity values and examining the trend. The SPI and RDI
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severity values of the 12-month time scale are obtained from
SPI and RDI analysis. Giizelyurt aquifer is used as the case
study area since it is the main irrigation water supplying
source in North Cyprus. They monitored water level data
of 160 different wells belonging to the different parts of the
aquifer that are acquired as raw data from the Water Works
Department. The water table levels in terms of the monitor-
ing period for each well included different periods ranging
from 1977 to 2009. Out of 160 wells examined, 44 wells are
selected that had more than 20 years of data and less than
10% of the records are missing. The linear regression model
was used to estimate the expected value of the missing water
level recordings in the wells. Most correlated neighboring
well data were included in the regression model for reliable
results. To enable comparison and correlation with the SPI
and RDI and perform trend analysis based on different loca-
tions or the aquifer itself rather than each well, it is essential
to transform the GWL series into a standardized anomaly or
non-dimensional standardized anomaly. This removes the
effect of water level height and does not distort the trend.
The absolute GWLs are converted to groundwater level
anomalies (GWLA) by following the procedure given by [28]
and [29]. The GWLA is obtained by the following expression:

GWLA, =—(GWL, -GWL,__ ) )

j,mean

where GWLA, ' is the GWLA of well i in year j, GWL, is the
GWL of well i at year j and GWL, _ is the mean GWL of
well j. The negative sign indicates whether the GWL is below
or above the average value. Utilizing the same concept of
GWLA, the rate of change of groundwater level anomalies
(CGWLA) can also be calculated. Its expressed as:

GWL, ..., —~GWL, J

GWL, ©®)

CGWLA, —{
j,mean

where CGWLA, _ is the change in GWLA of well i in year
j, GWL, s the GWL of well i at year j and GWL,,_, is the
mean GWL of well j. Averaging the GWLA help to examine
and obtain the GWL trends at every location under con-
sideration. The trend analysis through the non-parametric
Mann-Kendall trend test was at a significance level of 5%.
The non-parametric Sen’s slope estimator and the linear
regression method were effective to calculate the slope of
the trend indicating the rate of change in GWL in m/y.

3. Result and discussion
3.1. Impact of drought on irrigated crops

Drought occurrence has a negative influence on not only
water resources but also on the water requirement of irri-
gated crops. By coupled application of RDI and CROPWAT
model, IWR and rate of increase in IWR for pomegran-
ate and citrus fruits under different categories of drought
are estimated in this study. In the study area, for the two
crops under consideration, during the wet year the mean
annual IWR in Girne that receives abundant rainfall is esti-
mated to be approximately 625 mm while for Lefkosa that

receives less rainfall, the estimated mean annual IWR is
approximately 790 mm. In other regions that have more or
less similar precipitation trend, the IWR is estimated to be
750 mm. On the other hand, during drought years by consid-
ering moderate to extreme drought events, the mean annual
IWR in Girne and Lefkosa is estimated to be approximately
720 and 905 mm, respectively. In other regions, this IWR is
estimated to be approximately 820 mm.

The spatial variation in the increase of IWR rate due to
drought and its different severity levels for both pomegran-
ate and citrus is shown in Figs. 2 and 3. At the regional level,
the rate of increase in IWR for both pomegranate and citrus
was high in Girne and Lefkosa while Iskele showed the least
increase. For citrus during moderate to extreme drought, the
increase in IWR rate in Lefkosa, G.Magusa, Girne, Giizelyurt
and Iskele is estimated at 18%, 13%, 19%, 14%, and 12%,
respectively. For pomegranate in the same regions, the rate
was 11%, 6%, 13%, 7%, and 5%, respectively.

At the national level, for citrus during moderate, severe
and extreme drought events, the increase in the rate of IWR
is estimated as 10%, 16%, and 20%, respectively. For the same
drought categories, the rate of increase for pomegranate was
5%, 7%, 12%, respectively. Overall, the mean increase in INR
rate during moderate, severe, and extreme drought is calcu-
lated as 8%, 11%, and 16%. As can be seen, though the IWR
of pomegranate is slightly higher than citrus, the increase in
the IWR rate of pomegranate is slow as compared to citrus.
This can be due to the fact that pomegranate is more resistant
to drought conditions, whereas, citrus is more sensitive and
less resistant to a dry climate.

The rate of increase in IWR estimated in this study during
dry years of drought is in line and in good agreement with
the ones estimated or predicted by other authors. In this
study, the mean increase in the IWR rate during moderate to
extreme drought is computed as 12%. The research by [30]
had predicted an increase in net IWR between 6% and 9%
for Europe due to climate change by considering 1961-1990
climates as the baseline. Similarly, on a global basis, [30] cal-
culated the increase in net IWR between 3%-8%. In another
similar study, [31] estimated that regions with average net
irrigation requirement of above 900 mm/year, the increase
in net irrigation requirement would be less than 10% while
regions having average net irrigation requirement between
300-600 mm/year, the increase would be between 10%-30%.
This suggests that evaluating the increase in IWR of irri-
gated crops using drought indices (RDI) and crop simula-
tion model (CROPWAT) can be informative and productive
in simulating the impact of extreme events of climate change
and variability such as drought on irrigated agriculture
crops.

3.2. Impact of drought on groundwater
3.2.1. Trend of GWL

The temporal variability of GWLs due to the direct or
indirect effect of climate extremes is assessed and quanti-
fied using the Mann-Kendall trend test, Sen’s slop estimator
and linear regression method. Table 1 shows the obtained
results of these statistical tests in different locations of
Giizelyurt aquifer and the aquifer itself for the studied time
period. According to the results obtained, the water level



A.H. Payab et al. / Desalination and Water Treatment 177 (2020) 363-373 367

4 Increase in IWR of

Citrus (%)

Rl
3

Citrus (%)
12

13
15
Il 18
[ RE]

Citrus (%)

17
| K]
2
i

Increase in TWR of

Increase in IWR of

4 Increase in IWR of
Pomegranate (%)

s
[

Increase in TWR of
Pomegranate (%)

Increase in IWR of
Pomm_;moe)
I ©
1
15
18

Fig. 2. Rate of increase in IWR based on drought categories: (a) moderate drought, (b) severe drought, and (c) extreme drought.
The name of each region is given in numbers, (1) Giizelyurt, (2) Girne, (3) Lefkosa, (4) G.Magusa, and (5) Iskele.

Fig. 3. Mean rate of increase in IWR during drought events: (a)
citrus and (b) pomegranate. The name of each region is given
in numbers, (1) Glizelyurt, (2) Girne, (3) Lefkosa, (4) G.Magusa,
and (5) Iskele.

at the aquifer was not stable and declined at a substantial
rate indicating severe groundwater depletion. The obtained
slope of GWL indicated that the depletion rate at the aqui-
fer was approximately 0.11 m/y. The depletion of ground-
water can be possibly referred to as a decrease in mean
precipitation amount, increase in a number of dry years
because of the frequent occurrence of drought events and
extensive withdrawal for irrigation purposes. Giizelyurt/
Morphou aquifer and its surroundings are shown in Fig. 4.
The trend tests revealed that the decline in water level in
different locations of aquifer varied considerably from one
location to another. In Yuvacik (Z, = -2.84) and Ziimriitkdy
(Z; = -3.22), the groundwater depletion is identified to be
severe which is reflected by a significantly high decreasing
trend. The estimated slope in these two locations indicated
a decline rate of 0.25 and 0.65 m/y, respectively. On the other
hand, in areas including Giizelyurt, Bostanci, Yesilyurt,
Sahinler, Aydinkoy, Akcay, and Mevlevi the result demon-
strated a significantly low negative trend with the maximum
declining rate of 0.36 m/y in Mevlevi. Locations with the
negative trend and high declining rate demonstrate the fact
that besides the effect of climate change and variability in
the basin, the aquifer in these areas is heavily exploited for
socioeconomic activities especially by irrigated agriculture.
This also demonstrates that these areas are the main ground-
water discharge areas. However, in Kumkdy, Gaziveren and
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Giinegkdy significant weaker positive trend are detected
possibly due to poor quality of water in these locations and
intrusion of seawater. Overall, the difference in GWL declin-
ing rate among the wells located at different regions of the
aquifer can be the result of heterogeneous soil and aquifer
characteristics and heterogeneous patterns of groundwater
utilization. Furthermore, the indication of an insignificant

Table 1
Trend analysis of GWLA in different locations of Giizelyurt
aquifer

Locations Z, Q,.q (m/year) b (m/year)
Glizelyurt -1.31 -0.09 -0.06
Bostanci -1.44 -0.14 -0.14
Yesilyurt -0.50 -0.03 -0.02
Yuvacik —2.84 -0.25 -0.26
Sahinler -1.48 -0.17 -0.15
Kumkdoy 0.34 0.01 0.00
Aydinkoy -1.31 -0.13 -0.15
Akgay -1.22 -0.23 -0.21
Gaziveren 0.54 0.01 0.00
Giinegkoy 0.77 0.16 0.17
Mevlevi -1.30 -0.36 -0.29
Zumriitkoy -3.22 -0.65 -0.62
Glizelyurt aquifer -1.70 -0.11 -0.10

Z: Mann-Kendall test;
Qme & Sen’s slope estimator;

b: The slope of linear regression.

positive and negative trend in different locations signifies
the fact that the effect of reduced precipitation and ground-
water discharge does not exceed the groundwater storage.

3.2.2. Correlation analysis of CGWLA and SPI and RDI

Correlation analysis is performed to determine the
strength in the relationship of the GWL time series and
SPI & RDI. Its conduct in the same time period with no
lag (lag-0) and with a lapse of time of one year (lag-1). As
shown in Table 2, the correlation coefficient values in differ-
ent locations between GWL and SPI and GWL and RDI are
extremely close to each other indicating that both SPI and
RDI behave in a similar manner in revealing the influence of
the direct or indirect effect of drought on groundwater. The
analysis also revealed two unique characteristics of the wells
in relation to drought. Among the different locations, GWL
in Kumkoy, Akgay, and Mevlevi showed relatively good cor-
relation to both SPI and RDI at the current year with no lag.
This indicates that the influence of rainfall deficit during the
dry years is significant in these locations. On the other hand,
this also reflects the fact that these locations can be the poten-
tial recharge areas of the aquifer. In these areas, however,
with a one year lag, the correlation reduces, indicating that
the influence of drought diminishes as time passes. In con-
trast, at lag-0 the GWL in other locations revealed the least
and very low correlation with both SPI and RDI. This weaker
correlation can be possibly due to the complex nature of
the groundwater system and aquifer hydrology, saltwater
intrusion, management practices and over-exploitation of
the aquifer. Conversely, with the passage of time for these
locations, the correlation improves particularly after a lag
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Fig. 4. Detailed map of the Giizelyurt aquifer and its surroundings.
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Table 2
The overall correlation coefficient of CGWLA and SPI & RDI at
lag-0 and lag-1 in different locations of Gilizelyurt aquifer

Locations Lag-0 Lag-1
SPI RDI SPI RDI

Giizelyurt 0.114 0.116 0.198 0.209
Bostanci 0.166 0.137 0.189 0.192
Yesilyurt 0.192 0.198 0.205 0.213
Yuvacik 0.065 0.056 0.117 0.114
Sahinler 0.117 0.123 0.222 0.241
Kumkoy 0.332 0.339 -0.116 -0.107
Aydinkoy 0.081 0.068 0.072 0.057
Akgay 0.295 0.295 0.316 0.328
Gaziveren 0.194 0.205 0.052 0.059
Giineskoy 0.016 0.047 0.288 0.315
Mevlevi 0.257 0.270 0.117 0.141
Zumriitkoy 0.079 0.065 0.261 0.267
Glizelyurt aquifer 0.172 0.170 -0.130 -0.147

of one year. This demonstrates that in these types of wells
the effect of drought slowly propagates through the system
and gets visible after a year’s time. Overall, the mean correla-
tion coefficient of GWL in Giizelyurt aquifer to both SPI and
RDI during the drought year is estimated at 0.173 and 0.170,
respectively. The analysis showed that in general, there exists
a positive relationship between GWL and SPI & RDI which
indicates that drought is associated with the decline in GWL.

3.2.3. Temporal response of aquifer to drought events

The comparison between the GWL quantified by the rate
of CGWLA and SPI & RDI is depicted by the hydrograph
shown in Fig. 5. The hydrograph demonstrated important
features of the response of aquifer in terms of temporal water
level fluctuation to extreme events of climate change and
variability. The result indicated that the positive and nega-
tive values of the CGWLA representing the rise and fall in
GWL with respect to the long term mean. During wet years
the CGWLA is mostly positive while during dry years it’s
mostly negative. The exception to this pattern exists in a few
years where the CGWLA is positive and SPI & RDI values are
negative or vice versa. Though the fluctuation in the CGWLA
follows the same pattern generally, the rate and magnitude of
the CGWLA are not homogeneous in space and time. Another
important feature observed is the upward movement of the
CGWLA after any drop-down during any drought event.
This indicates the recovery of the GWL to pre-drought condi-
tion. However, the rate of recovery after each drought event
depending upon different factors is not always the same and
constant. Observing the hydrograph, the water table in an
aquifer is more sensitive to the duration of the drought rather
than its severity. The longer the duration of the drought even
with low severity, the higher would be the impact.

The resemblance and close relationship between the
fluctuation of the CGWLA and the SPI & RDI can also dif-
ferentiate the effect of climate extremes on water table
within the aquifer and the effect of other natural processes

and anthropogenic activities. In this respect, four separate
conditions depending upon the rate and magnitude of the
fluctuation due to the effect of drought, in this case, can be
drawn from the hydrograph. The first condition is where the
CGWLA is approximately equal to the negative SPI & RDI
values. This represents the sole direct effect of drought on
the water table of the aquifer. During the drought event of
1985-86, 1991-92, 1997-98 and 1986-87 in Giizelyurt, Bostanci,
Yesilyurt, and Yuvacik, respectively, the CGWLA and SPI &
RDI values coincide with each other. The second condition
is where the CGWLA is smaller than the SPI & RDI nega-
tive values, possibly signifying the combined direct effect
of drought and management actions such as implementing
adaptation measures like limiting the withdrawal to a cer-
tain threshold during the drought event. This is the case in
Sahinler, Kumkdy, Aydinkdy, and Akgay during the drought
event of 2007-08, 1990-91, 1994-95 and 1978-79, respec-
tively. The third condition is where the CGWLA is greater
than the SPI & RDI negative values, demonstrating the com-
bined direct effect of drought and the indirect effect of heavy
extraction from the groundwater for irrigated agriculture.
In this case, the indirect effect of withdrawal due to drought
outweigh the direct effect of drought on the aquifer. This is
the situation during the drought event of 2000-01, 198687,
1986-87 and 1991-92 in Gaziveren, Giineskoy, Mevlevi and
Zumriitkdy, respectively. The fourth condition is where both
CGWLA and SPI & RDI values move in the opposite direc-
tion. This is the case where SPI & RDI values are negative and
has a downward slope and the CGWLA is positive and have
an upward slope or vice versa. In this situation, the effect
during any drought event can be possibly due to the com-
bined effect of drought and other natural processes such as
heavy saltwater intrusion into the aquifer or combined effect
of drought and management actions like completely stop-
ping the water extraction from the aquifer. In these cases, the
effect of management actions or natural processes is much
more dominant than the effect of drought due to the reduced
recharge of the aquifer. The behavior of CGWLA and the SPI
& RDI values based on this condition is visible in Glizelyurt,
Yuvacik, Aydinkdy, and Mevlevi during the drought event of
2004-05, 1994-95, 1983-1984 and 1994-95, respectively.

4. Conclusions

Quantifying the spatial and temporal effect of drought
on irrigated agriculture and groundwater resources is essen-
tial for food security and availability and sustainable man-
agement and utilization of non-renewable groundwater
resources under changing the climate. Within this context, in
this study, RDI coupled with a process-based crop simula-
tion model (CROPWAT) is employed to determine the effect
of drought on irrigated agriculture in terms of an increase
in IWR based on moderate, severe and extreme drought
categories. On the other hand, SPI and RDI are combined
with GWL time series data to produce the required hydro-
graphs to investigate and assess the response of groundwater
resources to the temporal and spatial effects of drought. For
in-depth, understanding, non-parametric Mann-Kendall
trend test and Sen’s slope estimator and the linear regression
method is used to quantify the temporal changes and behav-
ior of aquifer.
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The analysis revealed that during moderate, severe, and
extreme drought the increase in IWR of irrigated crops is 8%,
11%, and 16%, respectively. Overall, the mean increase in
IWR during dry years of drought is estimated at 12% which
is in line with the findings of other authors.

The temporal fluctuation in GWL generally resembled the
positive and negative values of SPI and RDL. In this regard,
the mean correlation coefficient of GWL in Giizelyurt aquifer
to both SPI and RDI is estimated at 0.173 and 0.170, respec-
tively. The GWL trend signified that the water in Giizelyurt
aquifer due to variability in precipitation, an increase in the
frequency of dry years and anthropogenic activities is declin-
ing at a mean rate of 0.11 m/y. However, depending upon
spatial heterogeneity of climate, soil and hydrogeological
conditions and pattern of usage the rate varies. Location with
the highest declining rate can be the potential discharge areas
while in those areas where the groundwater is stabilized are
the potential recharge areas.

The result of this study provides preliminary informa-
tion for sustainable and strategic planning and management
of irrigated agriculture and groundwater resources in the
face of climate change. More research is required to better
understand the hydrological and meteorological processes.
Moreover, to better understand the influence of different
factors affecting the aquifer it is also recommended to esti-
mate the variation in pumping rate and/or drought-induced
pumping under different climatic scenarios and conditions
as well as assess the effect of land use and management.
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