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Abstract: Groundwater is a valuable and universally distributed resource on Earth.
Understanding the spatial and temporal dynamics of groundwater is of utmost importance for
effective management. Normally, groundwater levels are recorded at arbitrary points, but
groundwater modeling requires interpolating the measured values at specific grid nodes. The
aim of this study was to identify and evaluate the geographical variations of groundwater levels
in Tirkiye using three geostatistical interpolation techniques. Data from 355 groundwater wells
from 1970 to 2019 were used for this purpose. In addition, an investigation of changes in annual

average temperature and precipitation was conducted for two different time periods: 1985-2000
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and 2001-2016. The results show an increase in annual average temperature in Tiirkiye by 0.82
°C during the reference period (1985-2000). Despite regional differences in the precipitation
regime, the average annual precipitation in Tirkiye has not changed significantly overall.
Especially in the Meri¢-Ergene, Konya Closed (Konya Kapali) and Euphrates-Tigris basins, a
significant decrease in groundwater levels was observed, even though this decrease falls below
100 meters in some wells. After a comprehensive analysis of all these data, possible

explanations for the changes in groundwater levels were considered.

Key words: Agriculture, GIS, groundwater resources, water resources, interpolation, Tiirkiye

1. Introduction

Groundwater resources play a crucial role in environmental sustainability, as these resources
provide water to humans and ensure the continuity of economic and domestic purposes such as
agriculture and industry (Holman et al., 2012; Patil et al., 2020). According to Giordano (2009),
more than 650 km?® of groundwater is exploited worldwide each year, with 1.5 to 3 billion
people relying on groundwater for their drinking water supply. The use of groundwater for
irrigation purposes accounts for around 60-70%, although these figures vary depending on
climate and location (Jakeman et al., n.d; Amanambu et al., 2020). Due to the increasing use of
groundwater resources, it has been estimated that groundwater levels have decreased by 4500

km? worldwide between 1900 and 2008 (Frappart & Ramillien, 2018).

Groundwater includes all subsurface water in the soil, in the deeper vadose zone and in
unconfined and confined aquifers (Green et al., 2011). Climatic conditions around the world
affect hydrological systems both directly and indirectly. Recharge and discharge rates of
groundwater resources depend on climatic variables as they change the feedback processes in

the hydrological cycle (Cuthbert et al., 2019). Aquifers are primarily recharged by precipitation
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or interaction with surface waters. Consequently, the direct influence of climate on precipitation
and surface water ultimately changes the amount of groundwater storage (Bates et al., 2008;

Franssen, 2009).

The Mediterranean region is facing significant impacts of climate change on water quantity and
quality (Bangash et al., 2013; Iglesias et al., 2007; Lionello & Scarascia, 2018). Climate change
affects groundwater, which is often tapped during periods of drought when surface water is
scarce. This dependency could become unsustainable in areas where more frequent and longer
droughts are expected. In addition, sea level rise due to climate change will threaten coastal
aquifers, particularly those that are already salinized as a result of overuse (Jakemann et al.,
n.d.). As stated in the IPCC report Climate Change 2021 The Physical Science Basis, there is
strong evidence that groundwater reserves have been depleted since at least the beginning of
the 21st century, primarily due to groundwater abstraction for irrigation in agricultural regions
in arid areas. Furthermore, the report emphasizes that the ongoing trend of global warming is
expected to intensify the global hydrological cycle, affecting its variability, global monsoon

precipitation and the severity of both wet and dry events (Masson-Delmotte et al., 2021).

Like other Mediterranean countries, Tiirkiye also will become hotter and drier due to climate
change and face unpredictable rainfall (World Bank Group, 2016). While there has been
extensive research on water resources and climate change, the focus has been primarily on
surface water systems, mainly due to their visibility and accessibility (Amanambu et al., 2020;
Kumar, 2012). Assessing the impact of climate change on groundwater is a complex task that
usually requires the use of numerical models that take into account the characteristics of the
subsurface, aquifer systems, boundaries and recharge and abstraction rates (Secci et al., 2021).
Geostatistics, commonly used in groundwater management, helps to assess groundwater
storage, reservoir capacity, level fluctuations and water quality (Uyan & Cay, 2013; Xiao et al.,

2016).
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Per capita water availability is primarily influenced by the size of a country's population. At
present, the annual per capita water availability in Tiirkiye is around 1400 m®. The United
Nations World Water Development Report defines a state of ‘water stress' for a country when
its annual water resources fall below 1700 m? per capita. In other words, Tiirkiye is already a
country suffering from water stress. Moreover, it is estimated that Tiirkiye's population will
reach about 100 million people by 2040 (TSI, 2018), resulting in a decrease in annual available
water per capita to 1120 m®, which is a sign of water scarcity (FAO, 2014; Pilevneli et al.,

2023).

The distribution of water use in Tiirkiye shows that 71.5 % is used for irrigation, 17.8 % for
industrial purposes and 10.7 % for drinking and service water supply, which corresponds to a
total withdrawal of 61.5 km?in 2018. According to the latest joint data from the State Hydraulic
Works (SHW), groundwater use in Tiirkiye is around 16 km? per year (SHW, 2020). Most of
the extracted water is used for agricultural irrigation (Cetin, 2020). The growing population and
increasing human activities, especially in the field of agriculture, have contributed to an

accelerated use of groundwater resources.

This study aims to comprehensively assess the dynamics of the groundwater table in Tiirkiye
over the last 50 years. Three different interpolation techniquesare used — simple kriging (SK),
empirical Bayesian kriging (EBK) and inverse distance weighting (IDW). The study stands out
from similar studies as it uses extensive data sets from different locations across the country
and takes a holistic approach. As a result, maps of the groundwater table are produced that
provide an overall view of the country's hydrological landscape. The study also attempts to
clarify the interplay between climate, agriculture, population dynamics and regional

groundwater levels.
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2. The Study Area

Tiirkiye is located in the northern subtropical climate zone of the earth, between 3642 °N and
2645 °E (Altinbilek and Hatipoglu, 2020). Although the country is located in the large
geographical Mediterranean region, Tiirkiye's climate depends on its location due to the
different mountain ranges along the coasts. Tiirkiye's coasts have a Mediterranean climate,

while the interior of the country has a continental climate (Tiirkes, 2020).

2.1.  Population

Tiirkiye has around 85 million inhabitants, who are mainly concentrated in the coastal regions
of the country. About 54 percent of this population lives in the Marmara, Aegean and
Mediterranean regions (TSI, 2023). Figure 1 shows the distribution of Ttirkiye's total population
by city. The five most populous cities are Istanbul, Ankara, Izmir, Bursa and Antalya
respectively. Among these cities, Antalya, Izmir, Kayseri, Bursa and Manisa are the cities with

the highest use of groundwater resources for municipal purposes (Kogbay, 2022).
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Figure 1. City-based Tiirkiye's total population map (person) (TSI, 2023)
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2.2.  Groundwater Use and Agriculture

Tiirkiye is the seventh largest agricultural producerin the world (Giray & Rastilantie, 2005).
The agriculture and food sector is an important economic sector that enables Tiirkiye to play an
active role in international trade markets. According to the TSI, it accounts for about 28.5% of
the country's imports, which is more than a quarter of total imports (Taskin et al., 2022). The
country has a considerable water footprint of around 139.6 billion m* per year, 89% of which
is accounted for by the agricultural sector. The remaining 7% is for domestic use and 4% for
industrial use (World Bank Group, 2016). Cereals account for the largest share of this water
footprint (38%), followed by forage crops (31%), industrial crops (13%), oil crops (5%) and
vegetables/legumes (2%) (Pegram et al., 2014). Figure 2 illustrates the map of Tiirkiye's
agricultural area. The map shows that Konya, Sanliurfa and Ankara have the largest agricultural
areas in the country. These provinces are followed by Afyon, Adana, Corum, Diyarbakir,
Eskisehir, Kayseri, Manisa, Sivas and Yozgat. It can be seen that agricultural activity is
concentrated in several regions of Tiirkiye, including the central interior, the northwest, the
southeast and the west. These areas also have high population density and industrialization,
which contributes to increased water consumption for agricultural, industrial and domestic

purposes.

In addition, Figure 3 provides a visual representation of land use and land cover in Tiirkiye:
agricultural areas nationwide are highlighted in yellow, urban areas in red and industrial areas
in purple. Blue shades indicate surface water resources. The distribution of agricultural land in
Tiirkiye can be examined in more detail using Figure 3. Recognizing and monitoring evolving
patterns of land use in terms of physical, social, and temporal aspects is becoming increasingly
crucial. Various methods are employed to detect shifts in urban landscapes, and ongoing
advancements in these methods continue to emerge. GIS stands out as a particularly effective

technique for scrutinizing urban expansion, employing a multifaceted approach that considers
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both qualitative and quantitative factors. GIS is adept at handling spatial and digitized data,
exemplified by its use in modeling and forecasting urban growth and development (Karabulut

et. al., 2021).
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Figure 2. Tiirkiye city-based agricultural area map for 2022 (decare) (TSI, 2023)

Despite the significant contribution that irrigation makes to the Turkish economy, the desired
optimal land use pattern within the irrigation systems has yet to be realized or established.
Moreover, the remarkably low irrigation efficiencies (37% on average) and irrigation ratios
(42% in irrigation systems operated by SHW and 66% in irrigation systems operated by water
user associations) highlight the challenges associated with inadequate irrigation management
and inherent problems of irrigated agriculture in Tiirkiye. In addition, the water consumption
of small private irrigation (PI) systems and municipal irrigation is not officially documented
(Cetin, 2020). For this reason, it can be assumed that the extent of irrigation is actually higher

than the official figures.

Figure 4 and Figure 5 show the amount of water extracted from the water sources depending
on their use and the groundwater allocations in Tiirkiye, respectively. As can be seen from the

7
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figures, water resources (surface water and groundwater) in Tiirkiye are mainly consumed for
irrigation purposes. In 2018, 61.5 km?® of water was consumed. Approximately 16.2 km? of this
was covered by groundwater resources. The use of groundwater for irrigation has seen a
remarkable increase over the years. In 1995, the share of groundwater for irrigation in the total
groundwater allocation was about 55%, and by 2019, this figure had risen to 67% (SHW, 2020).
Another factor contributing to the increase in water consumption in agriculture is the transition
from dryland agriculture to irrigated agriculture. For example, in the Harran Plain, where dry
agriculture was previously practiced, the GAP project introduced irrigated agriculture. In 1990,
the share of irrigated agricultural land in the total land area was 21%, and by 2020, this share
had increased to 54.45% (Karabulut et al., 2023). In addition, climate change is expected to
further increase the demand for irrigation water in the Mediterranean region. Forecasts range

from 4% to 18%, a trend that is already evident (Galeotti, 2020).

Legend
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Figure 3. Land use/cover classes visualized with 100 m resolution (Source: Figure received

from Ustaoglu & Aydinoglu, 2019).
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water is consumed annually (Kogbay, 2022). Water abstraction from unlicensed wells is one of
the most critical problems affecting Tiirkiye's groundwater resources. It is estimated that there
are more than 100 thousand unlicensed wells in the country, of which more than 60 thousand
are located in the closed Konya basin (Kogbay, 2022). Especially in the Aegean and Central
Anatolia regions, there has been a significant decline in groundwater. In some places, ground

subsidence has even occurred due to groundwater depletion (Calo et al., 2017).

3. Materials and Methods

3.1.  Data Collection

The meteorological data were obtained from the Turkish State Meteorological Service. Figure
6 shows the distribution of the meteorological observation stations used in this study. The
monthly data from 115 meteorological observation stations were converted into annual average
values. The precipitation and temperature data were divided into two equal periods as a 15-year
average (reference period: 1985-2000 and 2001-2016). These periods were compared in terms

of average precipitation and temperature. These data were transferred to the ArcGIS Pro (ESRI,
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temperature in Tiirkiye and data scatter plots.
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Figure 6. Meteorological observation stations

Data on groundwater levels were obtained from The General Directorate of State Hydraulic
Works (SHW), which operates the wells on a monthly basis and monitors the levels regularly.
In this study, 355 groundwater monitoring wells throughout Tiirkiye were analyzed (Figure 7).
Although there are 355 wells in total, the number of wells analyzed for each period is different.
The reason for this is that the years in which data collection began and ended are different for
each well. The analyzed wells were examined for a total of 5 equal time periods. According to
the SHW data, the level measurements in the wells began in 1970. The time periods and the

number of wells included in the time periods are summarized in Table 1.

11
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Table 1. Periods and the number of wells

Period 1970-1979 1980-1989 1990-1999 2000-2009 2010-2019

Count 110 144 270 310 310
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Figure 7. Groundwater wells' locations

3.2. Interpolation Techniques

Groundwater levels were analyzed between 1970 and 2019 using (1) simple kriging (SK), (2)
empirical bayesian kriging (EBK) and (3) inverse distance weighting (IDW) interpolation
methods in Geostatistical Wizard of ESRI ArcGIS Pro. The interpolation method enables the
prediction of variables in regions where measured values are unavailable. It is based on the

assumption that attribute values are continuous throughout space.

3.2.1. Simple Kriging
Kriging is one of the most well-known and researched statistical interpolation techniques. It
employs statistical models that allow for various outcomes, including estimations, standard

12
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errors of prediction, probability, and quantity. Eq. 1 defines the simple kriging interpolation.
The simple kriging predictor, Z3, for estimating the value of Z(x) at a specific point Xg is
calculated by adding the mean value p to a weighted average of the differences between the

random function Z(x) evaluated at each sample point X; and the mean value p.

Ziv(Xo) = B + XL wi (Z(x) — W =Xk, wi Z(x) + (1 — ZLiw) = p+wi(z—pl) 1)

Simple kriging allows for estimating and developing methods for regions with limited data
(Kaminska & Grzywna, 2014). It permits the attribute to be estimated inside the data border.
Another assumption is that the character is spatially dependent, implying that similar values are

more likely to be comparable than those far apart.

3.2.2. Emprical Bayesian Kriging (EBK)

Empirical Bayesian Kriging is a development over the conventional geostatistical kriging
techniques employed in the ESRI® software package (which only use one variogram), as
introduced by Krivoruchko and Gribov (2019). EBK approach (Eq. 2) decreases error by
automating the semi-variogram modelling process. Empirical Bayesian kriging combines
Bayes' theorem and kriging interpolation, and repeated simulations are used to account for the
inaccuracy in predicting the true semi-variogram. It selects the best model from randomly
created models. This method enables moderately non-stationary data and surpasses other
kriging methods for small datasets (Zirakbash et al., 2020). EBK models, as described by
Gribov and Krivoruchko (2020), offer several advantages over traditional kriging models,
including: 1) the ability to handle moderate local and significant non-stationarity in the data; 2)
the ability to accommodate varying levels of measurement error; 3) the option to apply a local
Normal Score process to transform the data into a spatial Gaussian distribution; 4) the ability
to divide large datasets into subsets of specified size, with or without overlap; and 5) the
capacity to generate the distribution of different possible variograms and provide predictions

for each subset.
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In this equation, z; is the measured value at the site that was observed (si). The transformed
measured value is denoted by yi, the transformed Gaussian process is denoted by y(s), the
normally distributed measurement error of the transformed z; value with mean zero denoted by
€;, the transformed Gaussian process is denoted by t(e | ©), the parameters describing the

process are denoted by ©, and the number of measurements is denoted by K.

3.2.3. Inverse Distance Weighted (IDW)

The Inverse Distance Weighting (IDW) technique is rooted in Tobler's first law (also known as
the first law of geography) from 1970. It posits that all things are interrelated, but nearby things
are more strongly connected than those that are far apart. In other words, the proximity of a
point to the center of the processing cell determines its influence in the averaging process. IDW
method is widely recognized as a standard spatial interpolation technique in the field of
geographic information science. It has been recommended by experts such as Burrough and
McDonnell in 1998, and Longley et al. in 2001, and has been integrated into various GIS
software programs. Consequently, many GIS users who do not possess extensive knowledge in
spatial statistics or geostatistics employ IDW as their default method for creating a surface when
attribute values are only available at sampled locations. The IDW method (Eq. 3 and 4)
calculates an estimate of an unknown value at a location Z by taking into account the observed
values (Z) at surrounding sampled locations (x;). To calculate the approximate value at location
So, a linear combination is utilized, which involves the weights (Ai) and the observed values (y)

at the surrounding locations (xi).

Z*(x0) = Xiz1 NZ(xp) (3)

Ai = doi’/ i doi” (4)
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4. Results and Discussion

4.1. Cross-Validation

The results of the cross-validation for the SK, EBK and IDW interpolation methods can be
found in the supplementary material. The mean value is the value that indicates whether the
model tends to have very high or low values. If the mean value is close to 0, the predicted values
are close to the measured values. EBK provided better results than the mean value. Root-Mean-
Square (RMS) is the parameter that indicates the average difference between the predicted value
and the measured value. The closer the RMS value is to 0, the more accurate the predicted
values are. When comparing the RMS values of the methods in this study, it can be said that
SK provides more accurate results when the number of samples is small, and IDW and EBK
provide more accurate results when the number of samples increases. The scatterplot compares
the predicted values with the measured values. It is best if the reference line matches the
regression line. EBK and IDW interpolation methods have similar results if the SK method has
a regression line parallel to the reference line. However, it should be noted that the regression
of the EBK and IDW methods is a good fit to the data as the number of data increases. In the
area where the number of data is high, it can be seen that the reference line and the regression
line match. Therefore, EBK and IDW provide a more accurate and realistic result map for

spatial and geological features in this study.

4.2.Climate Trend

The monthly average values for precipitation and the annual average temperature in Tiirkiye
were divided into two equal periods (1985-2000 and 2001-2016). Figures 8 and 9 show maps
with the 15-year average monthly precipitation, while Figures 10 and 11 show maps with the

15-year average temperature.
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Precipitation maps show areas with below-average monthly precipitation (less than 55 mm) in
yellow and areas with above-average values in blue. Temperature maps show light green for
average temperatures, yellow and orange for above-average temperatures and blue for below-
average temperatures. In the coastal areas of Tiirkiye, from the northwest to the southeast,

temperatures are higher than the national average.

Data from 115 meteorological stations show that the average annual temperature in Tiirkiye
was 13.28 °C between 1985 and 2000 and rose to 14.10 °C between 2001 and 2016. This
represents a temperature increase of 0.82 °C during these periods. Several studies, including
Tiirkes (2012), Sensoy et al. (2013) and Hadi & Tombul (2018), also emphasize a warming

trend in Tirkiye, especially after the 1990s.

In terms of precipitation, Tiirkiye had a monthly average of 55.2 mm between 1985 and 2000,
which increased slightly to around 58 mm between 2001 and 2016. While there are regional
variations in the precipitation regime, the total annual precipitation in Tirkiye has remained
relatively constant overall. A detailed analysis reveals a slight increase in autumn precipitation
and a proportional decrease in winter precipitation, with no significant changes in other seasons
(Sen, 2013). In addition, it can be seen from the maps that precipitation increases more
significantly in regions with higher precipitation, especially in the Marmara, Aegean,
Mediterranean, Black Sea and Eastern Anatolia regions. Conversely, in the dry regions
characterized by low precipitation (shown in yellow and its various shades), there is a
significant decrease in precipitation over time. In other words: While precipitation increased
over time in the coastal regions of Tiirkiye, it continued to decrease in the inland regions. In the
study conducted by Sensoy and Demircan (2016), results were obtained that support these
findings. Tiirkiye's agricultural sector is most expansive in the provinces of Konya, Ankara and

Sanliurfa, where rainfall is the lowest and the intensity of yellow tones is the highest. Therefore,
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it can be said that in these cities where irrigation demand is high, low rainfall will further
increase the pressure on water resources. Studies that have used long-term precipitation data
and statistically tested with the Mann-Kendall method also show a decreasing trend for
precipitation in Anatolia (Altin et al. 2012; Cigek et al. 2015), in the southern region (Cigek et
al. 2015) and in the western part of Tiirkiye (Asikoglu and Ciftlik 2015; Bacanli and Tanrikulu
2016; Bacanli 2017). It has been shown that precipitation only shows an increasing trend in the
eastern Black Sea and north-eastern Anatolia (Tayang et al. 2009; Unal et al. 2012; Sen 2013;

Cigek et al. 2015).

4.3. Groundwater Level

Figure 15 shows the groundwater levels in Tiirkiye for 10-year periods according to the SK,
EBK and IDW interpolation methods. Especially after the 1990s, all three methods show that
the decline in groundwater levels in the Meri¢-Ergene, Marmara, Gediz, Biiyilk Menderes,
Kiigiik Menderes, Konya Closed and Euphrates-Tigris catchment areas has taken on serious
proportions. In some regions, the groundwater table is lower than 108 meters. The population
density influences the water demand in Meri¢-Ergene, Marmara, Kiigiik Menderes and Gediz
(Figure 1). On the other hand, Meri¢-Ergene, Biiylikk Menderes, Gediz, Konya Closed and
Euphrates-Tigris are also the regions where agriculture is intensively practiced in Tiirkiye. For
example, in the study for the Euphrates-Tigris Basin, Celik (2015) emphasized that the use of
groundwater for irrigation in the basin, which has semi-arid climate characteristics, causes a
decrease in the groundwater table. When examining the climate trends, an increase in average
temperature values can be observed, especially in the basins on the Aegean and Mediterranean
coasts, in the closed Konya Closed and in the Euphrates-Tigris basins. The precipitation maps
(Fig. 8 and 9) also show that precipitation in the Konya Basin and the Euphrates-Tigris Basin

has decreased significantly compared to other regions. Over the years, precipitation in these
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basins has gradually decreased, which is particularly remarkable given the high agricultural
activity in these areas. This decrease in precipitation has led to increasing pressure on
groundwater levels. Consequently, the presence of red colors in the maps displayed by all three
interpolation methods reflects the consequences of this precipitation shift, which is a crucial
element in the hydrological cycle. In addition, this observation is supported by the provision of
detailed information on the decline in levels of selected observation wells from these

catchments, as shown in Figure 13 and Figure 14.

For the period 2010-2019, groundwater levels in the catchments in the Black Sea region (Bati
Karadeniz, Yesilirmak, Dogu Karadeniz, Coruh) are close to the surface, especially for the EBK
and IDW methods. Looking at the climate trend, these catchment areas are above the average
for Tirkiye in terms of precipitation and below in terms of temperature. The number of wells
used for groundwater analysis is lower than in other catchments; it was even found that there is
no well data for some catchments. This situation shows that the demand for groundwater in

these catchments is low.

Figure 12, Figure 13 and Figure 14 show the change of some wells in the regions (Merig-

Ergene, Konya Closed and Euphrates-Tigris Basin) where the groundwater level has decreased

the most. Some groundwater wells have dropped to 100 meters in the Meri¢-Ergene Basin, 90
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meters in the Konya Closed Basin and 130 meters in the Euphrates-Tigris Basin. A downward

trend can be observed in most of the wells in these three basins.

Groundwater Level (m)

Groundwater Level (m)

Meric-Ergene Basin Groundwater Level Change Over the Years

¢ Edirne Havsa

¢ Edirne Merkez

e Edirne ipsala

¢ Tekirdag Cerkezkoy
e Tekirdag Corlu

o Tekirdag Cerkezkoy
e Tekirdag Murath

¢ Tekirdag Hayrabolu
e Tekirdag Saray

o Kirklareli Lileburgaz
o Kirklareli Lileburgaz
e Kirklareli Lileburgaz
o Kirklareli Lileburgaz

¢ Kirklareli Liileburgaz

@ Konya Cihanbeyli
Konya Karapinar

® Konya Cumra

® Konya Meram

® Konya Selguklu

® Konya Akdren

@ Konya Altinekin

® Konya Cumra

® Konya Cumra

® Konya Eregli

® Konya Eregli

@ Konya Karatay

® Konya Giineysinir

® Konya Eregli

® Karaman Merkez

¢ Karaman Merkez
Karaman Ayranci

® Karaman Kazimkarabekir

® Karaman Merkez

® Karaman Merkez

® Karaman Ayranci

® Karaman Merkez

o Nigde Merkez

® Aksaray Eskil

Years
1965 1975 1985 1995 2005 2015
0§35 .
oo¢33ll|'. H o
"333‘000..0A..,ﬂ ] ,.an'.; e
0 e P ) °
20 '“!."!“‘"“lli!' i*- tegegets’ J7TE00EE .
..‘..::.."i.a:;::::::. .' ....'..:.... .....
.. . s ..'l...'..
0,20
'. «*° ®0g0000
-40 o' . ""‘000
se0ese,, S .
“eceee ..."' R ' ..‘::!co.’:::::...'
l‘o "‘::
-60 . 3.!3‘0
3. o.o...:. Oo oo
[ ] ...
$ ¢e
-80 s
:'000'.
.. ..'..".:.'.
® .
-100 e L]
[ ] ....
LX) ‘..
-120
Figure 12. Merig-Ergene Basin groundwater level change over the years
Konya Closed Basin Groundwater Level Change Over the Years
Years
1965 1975 1985 1995 2005 2015
0
00000000004,,, °
e, ,.:a:.-ssz::etii-ii--!*:it-.o--n.-----°---""
000:00.00. '; l....'....'...‘.
.20 ., ...oo.o $000002%,, :
. -,llc.;i 'l‘ 'i!g
obp (11 ".3'0.-
°*0e o%0 00 ..8 .’o""'too' .
et M0, TR TINE
-40 "00°"'°""03030088. ! 5:-3'-.
. '... .l 0..!'0:.
o0 ’ . ° ...‘ ‘!
*%0e o AL " . *
-60 e '. N ... " L] .
%0000 o %o00e :i.‘t. o %ec0e
oo, T
. oyoe lol...
® 0000,
-80 ° LI
00.00.
.'ooo'
-100

21



383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

Figure 13. Konya Closed Basin groundwater level change over the years
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Figure 14. Euphrates-Tigris Basin groundwater level change over the years

Studies carried out for different regions of Tiirkiye also confirm the decrease in groundwater
levels over time. Apaydin (2010) showed that the Halacli aquifer, which is characterized as a
shallow aquifer, is susceptible to climate fluctuations. Although it was not exploited before, the
groundwater level dropped between 1989 and 1997, but when exploitation began in the summer
of 1998, the water levels rose again. In order to get a grip on the natural fluctuations in water
levels and well discharges, it is important to analyze the reaction of the groundwater system to
climate fluctuations and human activities. Another research paper underlines the importance of
the Gravity Recovery and Climate Experiment (GRACE) as a valuable tool for studying
fluctuations in terrestrial water storage (TWS) at medium and large spatial scales. Using
GRACE observations from March 2003 to March 2009, the study estimated linear trends in

TWS variations in Tiirkiye. Especially in the southern part of the Central Anatolian region, a
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significant decrease in TWS was observed, which amounted to up to 4 cm/year (Lenk, 2013).
Celik's study of the upper Tigris Basin revealed that the changes in groundwater levels in this
region are influenced by three main factors. (1) Climate change and associated precipitation
variability; (2) population increase has led to increased demand for groundwater resources for
drinking and domestic purposes and (3) increasing demand for wells to meet agricultural
irrigation needs is another factor affecting groundwater levels in the area (2015). In another
study, Yagbasan (2016) calculated a reduction in groundwater recharge of approximately 15%
using the hydrological budget method for the observation period (1964-2011) in the Kiigiik
Menderes River Basin. Arkoc (2022) conducted research using different interpolation methods
in the Ergene Basin. This research has revealed that the groundwater prediction maps have
decreased the groundwater level in the areas where the Organized Industrial Zones (O1Z) are
located, mainly due to the excessive pumping capacity of the factories. There has also been a
decline in groundwater levels due to pumping for agricultural irrigation during the summer. The
accuracy of estimating the groundwater level in this region using interpolation methods depends

on the amount of data included in the analysis.

In addition, findings from modeling studies underscore the worrying prospect that groundwater
resources in certain regions could deteriorate due to the dual impact of changing climatic
conditions and escalating overconsumption. For example, Simsek et al. (2020) used a GIS-
integrated method to analyze groundwater level fluctuations and determine groundwater
recharge in the Alasehir alluvial aquifer for a specific hydrological period. This approach
facilitated the calculation of total groundwater discharge from the aquifer and showed a
decrease in groundwater volume amounting to 235.82 hm?, with the largest decrease observed
during a dry season. The study indicates that the decrease in groundwater volume exceeds the

increase during the hydrological period, which is primarily due to over-exploitation of
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groundwater resources. Long-term analyzes of groundwater level data show an annual decrease
of about 1 meter. Ertiirk et al. (2014) investigated the effects of climate change on groundwater
resources in a specific area of the Koycegiz—Dalyan watershed. Using the Soil and Water
Assessment Tool (SWAT) model, they assessed the impacts on different components of the
water balance considering climate change and land use scenarios. The results of the study's
simulations showed an overall decrease in various elements of the water balance, leading to a
decrease in the allocation of irrigation water by SWAT due to the effects of climate-induced
water decline. As a result, there was an increase in days of water and temperature stress, leading
to a reduction in crop yields. This study highlights the urgent concern of impending water
scarcity and emphasizes the need to explore and implement more efficient irrigation techniques
and promote crops with lower water requirements. Avci et al. (2020) show that the current
groundwater use pattern in the Demre coastal aquifer may no longer be sustainable by 2050 if
agricultural practices do not change and lateral recharge from the mountainous karst aquifer
continues. However, the discrepancies between the expected climate change scenarios (RCP
4.5 and 8.5) and the observed precipitation and temperature values cast doubt on the reliability
of the groundwater flow model that predicts the future conditions of the aquifer. They
emphasize the importance of improving the accuracy of climate projections before formulating
reliable groundwater management strategies based on predictive models. This underlines the
call for future research to focus on refining the input data and assessing the uncertainties within

these models.
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Figure 15. Groundwater level elevation changes between 1970 to 2019
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6. Conclusion

This study examines the changes in groundwater levels in Tiirkiye from 1970 to 2019, analyzing
data from 355 wells using three geostatistical interpolation methods. GIS provides effective
solutions for managing complex data. GIS tools are able to improve the routine calculation of
performance indices and provide valuable insights into the state of water systems for both water
managers and decision makers. By utilizing satellite imagery with high spatialand temporal
resolution, remote sensing facilitates the extraction of information and deepens the
understanding of the relationships between different parameters. It also saves time by analyzing

a large number of parameters quickly, making it easier to take action against problems.

The results of this study show that the water level is continuously decreasing in all catchment
areas, including Meri¢-Ergene, Gediz, Konya Closed, Biiyiik Menderes, Kiiciik Menderes and
Euphrates-Tigris. These areas are characterized by high agricultural production and dense
population, so the decline in groundwater levels is a cause for concern. The main causes of this
decline are excessive agricultural irrigation practices and changing climate conditions. The
study highlights the potentially irreversible consequences of these changes to groundwater,

particularly in arid and semi-arid regions where pressure on groundwater has increased.

To tackle groundwater depletion comprehensively and ensure sustainable water management
in Turkiye, an integrated approach is essential. This includes the implementation of strict
regulations on groundwater abstraction in all catchment areas, with a particular focus on densely
populated areas, in order to conserve water resources. At the same time, it is necessary to
support the introduction of water-saving irrigation technologies in agriculture, incentivize
farmers to adopt sustainable practices and promote awareness of responsible water use. Key

components include monitoring and regulating population growth, introducing water saving
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initiatives and investing in water recycling and reuse systems in urban areas. In agricultural
regions, strict regulations on agricultural and urban groundwater use must be enforced,
complemented by the introduction of efficient water management practices and the
development of alternative water sources. In addition, promoting sustainable agriculture
through water-saving practices, implementing groundwater monitoring programs and educating
farmers on water conservation are crucial measures. Promoting precision irrigation techniques,
exploring alternative water sources, such as treated wastewater, and enforcing regulations on
the withdrawal of water from unlicensed wells also contribute to a holistic strategy. Finally, the
development and enforcement of regulations on groundwater use for irrigation, combined with
investment in climate-resilient agricultural practices and exploration of sustainable water
supply options, will promote a resilient and balanced framework for water management in

Tiirkiye.
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Figure S1. Cross-validation results of each interpolation method

691

37



692

693

694

695

696

Table S1. Cross-validation results of interpolation methods

Period | 1970-1979 | 1980-1989 | 1990-1999 | 2000-2009 | 2010-2019
Count 110 144 270 310 310
SK 0,15 0,21 -0,26 0,07 0,20
% EBK 0,12 0,19 -0,14 -0,09 0,29
= IDW 0,51 0,77 -0,54 -0,34 0,71
. SK 12,17 11,42 14,52 14,73 16,88
g % EBK 12,91 12,16 14,43 14,10 16,62
g A IDW 13,18 11,87 14,68 14,18 16,32
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