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EDITORDEN
EDITORIAL

Sevgili Turk Cografya Dergisi okurlari,

2023 Haziran sayimiz olan 82. sayida 4 adet arastirma ve bir adet derleme makalesi yer
almaktadir. Bu makalelerden 2 tanesi beseri cografya ve 3 tanesi fiziki cografya konulariyla
ilgilidir.

Dergimiz 2023 Aralik ayinda yayinlamak Uzere, tilkemizi derinden etkileyen 6 Subat 2023
Kahramanmaras depremlerinin mekansal etkileri ile sonuclarini cografi bir yaklasimla or-
taya koyacak deprem 6zel sayisi cikarilmasina karar verilmistir. Ozel sayiya iliskin ayrinti-
lara https://dergipark.org.tr/tr/pub/tcd/page/12474 adresinden ulasabilirsiniz.

Dergimizin uluslararasi indekslerde taranma hedefleri kararlilikla devam etmektedir. Bu
kapsamda 2023 yili basinda Clarivate Analytics tarafindan yayimlanan Web of Science
kapsamindaki bir bilimsel atif indeksi olan ISI’'ye basvurumuz yapilmistir.

Dergimizin 2023 Haziran 82. sayisinda verdikleri katkilardan dolayl mizanpaj editorlerimiz
Ars. Gor. Onur HALIS’ ve Emin KARAOSMANOGLU’na tesekkiir ederiz.

Bu sayimizda ¢ikan yayinlarimizi zevkle okuyacaginizi umut eder, gelecek sayida yeni ma-
kaleler ve glizel haberlerle birlikte olmak dilegiyle...

Do¢.Dr. Cihan BAYRAKDAR & Doc¢.Dr.Mehmet SEREMET
Turk Cografya Dergisi Editorleri
Haziran 2023 / istanbul

Dear Colleagues,

We are very pleased to share the TGR’s 82th June issue in which five papers featuring 4
research and one review papers have been placed, three of which are Physical Geography
papers, while the remaining two are related to Human Geography subjects.

As the responsibility of TGR journal, It has been decided to disseminate a special earth-
quake issue, which dedicates to reveal the spatial effects and socio-economic consequen-
ces of the 6th February, 2023 Kahramanmaras earthquakes, which deeply affected our
country. This issue reflects a geographical approach, being published in December 2023.
You can access the details of the special issue at
https.//dergipark.org.tr/tr/pub/tcd/page/12474.

With increasing quality and impact, the TGR commits to be indexed in international cita-
tion agencies. As fort his aim, we are pleased to let you know that TGR is now under the
evalutation by Web of Science in Clarivate Analytics.

Finally, we also would like to thank you PhDc Onur HALIS and Emin KARAOSMANOGLU
for their invaluable help and contribution to this year’s volumes in the process of copy
editing and associated volumes’ further proceeding to the publication.

Hoping that you will enjoy reading the studies in our final issue of Turkish Geographical
Review and that the TGR meets you again with a set of interesting papers and dissemi-
nate good news in the coming issue.

Associate Professor Cihan BAYRAKDAR & Associate Professor Mehmet SEREMET
The Editors of Turkish Geographical Review
June 2023/ stanbul
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In today’s world, renewable energy sources are in great demand due to the negative ef-
fects of fossil fuels on the environment. Wind power plants are an important renewable
energy source alternative to fossil fuel consumption. Offshore wind farms established in
coastal areas and seas are used effectively in many parts of the world. The wind power
plants, especially in the Northwest region of Turkey and the Aegean coasts, constitute
an important potential. This study selects suitable sites for offshore wind farms in the
Marmara Sea and North Aegean Coasts of Turkey by integrating the Bayesian Best-Worst
method (BWM) and GIS. Bayesian BWM improves the traditional BWM integrating the
preferences of multiple experts. In the study, 17 sub-criteria were determined under
four main criteria of “technical”, “socio-economic”, “environment,” and “location”. Ex-
perts’ judgments through the filled enabled the criterion weights to be obtained. The
criteria weights found using the Bayesian-BWM model were integrated into the GIS, and
suitable locations for the offshore wind farm were determined. Accordingly, the study
area off the coasts of Aliaga, Bozcaada, and Gokgeada on the North Aegean coast, and
the part south of the Marmara Sea and the area around Kapidag Peninsula are sugges-
ted as suitable areas for wind power plants.

Gliniimiiz diinyasinda fosil yakitlarin ¢evreye olan olumsuz etkilerinden dolayi
yenilenebilir enerji kaynaklari biiyiik talep gérmektedir. Riizgdr santralleri, fosil yakit
tiiketimine alternatif 6nemli bir yenilenebilir enerji kaynagidir. Kiyi bélgelerinde ve
denizlerde kurulan offshore riizgdr santralleri diinyanin bir¢ok yerinde etkin bir sekilde
kullanilmaktadir. Rizgdr santralleri dikkate alindiginda 6zellikle Tiirkiye’nin Kuzeybati
bélgesi ve Ege kiyilari 6nemli bir potansiyel olusturmaktadir. Bu ¢alismanin amaci,
Bayesian Best-Worst yontemini (BWM) CBS’ye entegre ederek Tiirkiye’nin Marmara
Denizi ve Kuzey Ege Kiyilarinda agik deniz riizgdr santralleri igin uygun yer segimini
belirlemektir. Bayesian BWM, birden ¢ok uzmanin tercihlerini etkili bir sekilde entegre
ederek orijinal BWM'yi optimize eder. Calismada BWM modeli kullanilarak “teknik”,
“sosyo-ekonomik”, “cevre” ve “konum” olmak lizere dért ana kriter altinda 17 kriter
belirlenmis, kriterleri iceren anketler uzmanlar tarafindan doldurulmus ve son agirliklari
verilmistir. Bayesian-BWM modeli kullanilarak bulunan kriter agirliklari CBS’ye entegre
edilmis ve agik deniz riizgdr ciftligi icin uygun yerler bulunmustur. Buna gére, Kuzey Ege
kiyilarindaki Aliaga, Bozcaada ve Gékgeada aciklarindaki ¢alisma alani ile Marmara
Denizi’nin kismen giineyi ve Kapidag Yarimadasi ¢evresi riizgdr santrali icin uygun alanlar
olarak énerilmektedir.
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https://orcid.org/0000-0001-6148-4959
https://orcid.org/0000-0002-5319-4289

8 Konurhan vd. / Tiirk Cografya Dergisi 82 (2023) 7-22

1. Introduction

The interest in renewable energy sources has increased in re-
cent years due to fossil fuels, environmental effects, and being
a non-renewable resource (Gao et al., 2020). Wind energy, a
renewable energy source, isimportant among energy sources.
First, many facilities were established on land to benefit from
wind energy. Developing technology has allowed wind power
plants to be installed in the seas after the land (Caceoglu et
al., 2022; Ayodele & Ogunjuyigbe, 2016; Zhao & Ren, 2015).
Offshore wind power plants have become popular in recent
years due to the uncertainty of wind resources, the difficulty
and cost of energy transfer, and the distance from energy de-
mand centers to increase prices (Fan et al., 2016; Markard &
Petersen, 2009). The offshore wind speed ratio is higher than
on shore. Therefore, more energy can be produced from off-
shore systems. Today, more investment is made in offshore
systems (Diaz & Soares, 2020).

Offshore wind power plants, the smoothness of the seas, their
unobstructed nature, and the fact that they are open in many
places allow them to receive more and faster winds. Offshore
wind power plants can be installed in a much larger area, and
the visual and sound effects are deficient (Vasileioua et al.,
2017; Salvador et al., 2022). These criteria are important ad-
vantages of offshore wind farms. So, installing offshore wind
farms have become very common in recent years.

In the last 20 years, electricity generation applications from
wind energy have increased significantly. According to the
Global Wind Energy Council (GWEC) 2019 report, while the
total installed power of wind energy was 24 GW on land and
0 GW in open seas in 2001, it increased to 621 GW on land
and 29 GW in open seas in 2019. Accordingly, the installed
power of wind farms has increased approximately 30 times
worldwide. It will increase to 94 GW in 2021. According to the
GWEC scenarios, it is estimated that there will be 1200 GW by
2030. While the rate of offshore wind turbines in this installed

capacity was 0% in 2001, it increased to 5% in 2019 (Fig.1)
(GWEC, 2019-2022). In Europe, offshore wind farms’ installed
power is approximately 28 GW today. European countries have
decided to increase the installed capacity of offshore wind
power plants up to 160 GW by 2030 (Wind Europe, 2022). As
of 2022, Turkey has no significant offshore wind farms (OWF)
installations. A major shortcoming is the absence of offshore
wind farms in a peninsula like Turkey, surrounded by seas on
three sides.

Turkey is a country that imports 75% of the energy it needs.
Most of the energy sources in the country are produced from
fossil fuels, and only 15% is formed from renewable energy
sources. So, the diversity of renewable energy sources should
be increased to reduce external energy dependence. Electric-
ity production is mainly produced from hydroelectric power
plants, followed by wind energy. According to the Turkish Wind
Energy Association (TWEA) 2022 report, the total installed ca-
pacity of onshore wind has reached 11101 MWm. According
to the latest data, there are 3983 turbines in a total of 273
active power plants, and the electricity produced from these
power plants is approximately 30,900 GWh (TWEA, 2022).

Since offshore wind farm location selection is a long-term in-
vestment, this problem should be considered a strategic mul-
ticriteria decision-making problem since the selection criteria
conflict with each other (Deveci et al.2021). Using GIS-based
models to solve the offshore wind farm problem can solve the
problems related to sea area demands. While the profitability
of the investment can be maximized, the negative effects of
the power plant can be minimized (Kim et al. 2016). In the
literature, there are various studies that make site selection
analyses using MCDM methods for both inland and offshore
areas. Table 1 shows the MCDM methods and working areas
used for wind energy site selection. Accordingly, in wind ener-
gy site selection, such as Best—Worst Method (BWM), Analytic
Hierarchy Process (AHP), and Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS), various MCDM meth-

Lagging growth in this decade leades to wind energy shortfalls by 2030

3,200

2,800

Installations need to grow 4x ’

250
200

150

New global installations (GW)

100

50

0

2020 2021

400

350 Or we reach only 64% of the wind power required by
2030 to stay on-track for a netzero/1.5C pathway

300

2022 2023 2024 2025 2026 2027 2028 2029 2030

® New Wind Capacity @ Projected New Wind Capacity Based on Current Growth Rates
® Annual Capacity Gap to Meet Net Zero by 2050 Scenarios
® Cumulated Wind Capacity to Meet Zero by 2050 Scenarios

2,400

2,000

1,600

1,200

800

(AMD) suoyp||pjsut |ogo|B aaypwnD

400

Figure 1. Installed power scenarios of wind power plants in the world till 2030 (GWEC,2022)
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ods have been used. Among the MCDM methods used, the
AHP methodology was used the most. The AHP method uses
pairwise comparison matrices and synthesizes the judgments
given by the experts.

Moreover, such methods have been used with other MCDM
methods such as TOPSIS, PROMETHEE, and ELECTRE Il (Roy,
1978; Brans et al., 1984; Hwang & Yoon, 1981). Various tech-
niques have been used for MCDM in offshore site selection
problems. Gil-Garcia et al. Fuzzy-AHP method is integrated
with GIS to select the most suitable wind farm located in the
Gulf of Maine and its surroundings in the USA. Likewise, Taou-
fik and Fekri used the Fuzzy-AHP method integrated with GIS
and searched for suitable places for a wind power plant on
the coast of Morocco. Salvador et al. In this study, by using the
Bayes-BWM method, which is the method in this study, suita-
ble locations for a wind power plant on the coast of Australia
were investigated.

There are studies on various MCDM methods in Turkey (Ozsa-
hin & Kaymaz, 2013; Akalin, 2018; Geng et al., 2021; Caceog-
lu et al., 2021). However, these studies generally remained
within the framework of a conclusion evaluated within the
authors’ knowledge and drawn accordingly. In addition, the
issue of site selection has not typically been addressed from a
geographical perspective.

This study aims to conclude by taking experts’ opinions from
different fields (geography, geology, disaster science, renew-
able energy, GIS modeling, etc.) for OWF’s location selection.
It includes a Bayesian BWM and GIS-based integrated model
for OWFs location selection. Bayesian Network (BN) makes
comparisons under uncertainty and is a mathematical model
with significant pros for modeling qualitative and quantitative
variables (Salvador et al.,2022). It has also been used to solve
decision-making problems (Bhandari et al., 2015; Yazdi, 2019;
Pui et al., 2017, 2016; Carriger et al., 2019). Site selection
problem with BN has been handled in various fields such as
logistics, security, communication, border security, and traffic

regulation (Nedjati et al., 2017; Yazdi et al., 2019b; Lessin et
al., 2018; Kim & O’Kelly, 2009; Gonzalez et al., 2019). Within
the scope of the study, its integration with BWM and GIS, and
the comprehensive evaluation of the criteria determined by
the literature and the field of study, including experts in dif-
ferent areas, is considered an innovation. In addition, thanks
to the Bayesian BWM, which is used in the weighting of the
criteria which has an impact on the selection of the location,
it is possible to make more consistent evaluations with less
data and to aggregate the assessment of more than one ex-
pert with a probabilistic perspective (Mohammadi and Rezaei,
2020; Rezaei, 2015).

2. Materials and methods
2.1. Study Area

The study area consists of the Marmara Sea, Turkey’s 4th larg-
est sea and an inland sea, and the North Aegean Coasts (Fig.
2). The Sea of Marmara within the study area is located be-
tween latitudes 40°- 20" and 41°- 10’ and longitudes 27° and
29°- 30". The Sea of Marmara is connected to the Aegean by
the Dardanelles and the Black Sea by the Bosporus. The wid-
est part of the sea in the north-south direction is 80 km, and
the longest in the east-west direction is 280 km. Its area is
11,352 square kilometers. In addition, the Sea of Marmara is
an internationally important waterway due to the straits.

There are important islands and peninsulas in the Marmara
Sea. The Armutlu and Kapidag peninsulas are two significant
peninsulas, and the Izmit, Gemlik, Bandirma, and Erdek gulfs
on both sides constitute the most important natural harbors.
The Sea of Marmara can be morphologically divided into two
in the east-west direction. These are the deep part with pits
at a depth of about 1335 meters in the north and the shallow
part with a depth of 100 meters in the south. Especially are-
as with deep holes are not suitable for installing wind panels.
These two parts are separated along the line of Armutlu Pen-
insula and Marmara Island. The largest island in the Sea of
Marmara is Marmara Island. There are also the Avsa archipel-
agos (Ekinlik Island, Avsa Island, Pasalimani Island, etc.) and

Table 1. Summary of studies combining GIS/MCDM methods and fuzzy logic in the selection of suitable locations for wind energy sources.

Author(s) Study area Year MCDM Methods
Lee, 2010 Taiwan 2010 AHP
Ozsahin and Kaymaz, 2013 Turkey 2013 AHP
Fetanat et al., 2015 Iran 2015 AHP
Sanchez-Lozano et al., 2016 Spain 2016 TOPSIS- AHP
Wu et al., 2016 China 2016 ELECTRE
Sajid et al., 2017 S. Korea 2017 AHP
Pamuar et al., 2017 Serbia 2017 MAIRCA- BWM
Vasileioua et al., 2017 Greece 2017 AHP

Lotfi et al. 2018 Iran 2018 TOPSIS
Uzar and Ener, 2019 Turkey 2019 AHP
Deveci et al. 2020 Turkey 2020 TOPSIS
Reza et al. 2020 Iran 2020 ANP-VIKOR
Taoufik and Fekri, 2021 Morocco 2021 Fuzzy-AHP
Caceoglu et al., 2021 Turkey 2021 AHP
Salvador et al., 2022 Australia 2022 Bayesian-BWM
Sanchez-Lozano et al., 2022 USA 2022 TOPSIS- AHP
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Figure 2. Study area location map.

Prince archipelagos (Buyuk, Kinal, Heybeliada and Burgaz)
(Barka & Kadinsky-Cade, 1988) Especially the coastal areas
close to the islands create a significant potential for wind pan-
el installation. Islands located on the shores of the Marmara
Sea and the North Aegean Sea are an advantage for wind farm
installation.

The Sea of Marmara and its surroundings have a temperate
climate, and four seasons are experienced in the region. The
speed of the currents in the Sea of Marmara varies between
750 and 2.5 km per hour (21-70 cm/s). The speed of the tides
in the Sea of Marmara is also too small to be noticed. On the
other hand, because of the strong winds pushing the water,
there are some level changes on the north and south coasts.
Especially Lodos, Kible and Kesisleme winds contribute to
these level changes (Barka & Kadinsky-Cade, 1988). These lo-
cal winds in the study area are also very important for Wind
Power Plants. Areas with intense winds will be suitable for
wind panel installation.

The coasts of the North Aegean Sea within the study area start
from the north of izmir and extend to Greece in the north.
The study area was determined as the areas close to the Turk-
ish coasts, but the Exclusive Economic Zone (EEZ) boundaries
were not considered (Fig. 2).

The Aegean Sea, which was a land mass in the Pliocene peri-
od, took its present appearance with the formation of uplifts,
collapses, and faulting due to tectonism in specific periods
(Atalay, 1982). The area covered by the Aegean Sea is mostly
shallower than 600 meters. The Aegean Sea has a north-south
length of 660 km, while its east-west width is 270 km in the
north, 150 km in the middle, and 400 km in the south. The

Aegean Sea is between the Mediterranean, which has tropical
and mid-latitude climate characteristics, and Europe and the
Black Sea, which has temperate and cold climate characteris-
tics. Etesian winds blow in the North Aegean Sea and its coasts
during summer. Bora-type winds influence the region in the
autumn and winter (Oran, 1994). These winds, effective both
in summer and winter in the working area, are very important
for wind panels and are the most significant factor in increas-
ing efficiency.

The study area constitutes the areas with the highest wind
speed on the Turkish coasts (URL-2). The continental shelf is
comprehensive in many coastal regions, with many islands.
The places where the continental area is large, and the island
coasts are suitable for wind panels (Fetanat and Khorasanine-
jad, 2015; Caceoglu et al., 2022; Salvador et al., 2022). In addi-
tion, when the vicinity of the study area is evaluated in terms
of population, it has a large population. The size of the popula-
tion also increases the energy supply. It is necessary to create
alternative energy sources to meet the energy demand in the
region (Havan, 2017). An OWF to be established on the North
Aegean coasts and the Marmara Sea is vital for diversifying
energy resources. Therefore, this region was chosen as the
study area. Finally, the Dardanelles Strait, where wind power
plant installation will not be possible, has been included in the
study area to ensure the integrity of the study area.

3. Research Methodology and Data

The primary purpose of this study is to find suitable places for
OWFs. In this context, the Bayesian best-worst method, one
of the multi-criteria decision-making methods (MCDM), has
been used by integrating it into GIS.
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3.1. Bayesian Best-Worst Method

BWM is widely used because it uses less data than methods
such as AHP, and because it has two vectors, it allows for con-
sistency calculation (Rezaei, 2015; 2016). Although BWM has
many advantages, it cannot solve group MCDM problems. Due
to the uncertainty and complexity of real-world issues, more
than one decision-maker is often needed. To eliminate this
limitation, Bayesian BWM has been proposed (Mohammadi
& Rezaei, 2020). Bayesian BWM only needs integers like tradi-
tional BWM. These are pairwise comparison matrices. These
matrices are modeled using the multinomial distribution. The
outputs of Bayesian BWM are final weights containing the
evaluations of all decision-makers and credal graphs showing
the superiority level of the criteria. The Bayesian BWM solu-
tion has four steps (Mohammadi & Rezaei, 2020; Munim et al.
2022; Gul & Yucesan 2022; Saner et al. 2022).

Step 1: Determine the criteria to be evaluated.

At this stage, the main and sub-criteria to be evaluated are de-
termined in line with the literature research and the opinions
of expert groups.

Step 2: Determination of the Best and Worst criteria.

Based on the hierarchy determined at this stage, the Best
(Most important, most desirable) and Worst (least important,
least desirable) criteria are determined.

Step 3: Creating the best-to-others and others-to-worst vec-
tors.

The best criterion determined in the previous step is compared
with the other criteria. A scale of 1-9 is used for comparisons.
One indicates that the two criteria are equally important, and
nine indicates that the best criterion is more important than the
compared criterion. With these comparisons, the Best-to-others

vector is obtained A% = (ak,,ak,, .., ak,), Al k=12, .. K.

Similarly, the worst criterion is compared with the oth-
er criteria, and the Others-to-worst vector is obtained

T
k ok k —
(alw, azw» ...,anw) k=12 ..,K.

Step 4: Determination of aggregated final weights and credal
ranking

At this stage, thanks to the multinomial and Dirichlet distribu-
tion presented, final weights and credal graphs are obtained.
Credal ranking graphs show at which confidence level the cri-
teria are superior to each other. The JASGs and MATLAB codes
required for the solution were taken from (URL-1) and adapt-
ed to the study.

3.2. GIS Method

The study identified ten experts from different disciplines
(geography, geology, disaster science, renewable energy, GIS
modeling, etc.) to evaluate the questionnaires. Afterward, 17
criteria were determined under four main headings (technical,
socio-economic, environment, and location). Detailed informa-
tion about the criteria (scale, data type, etc.) is given in Table
2 in detail. These criteria were chosen considering the study
area characteristics and the relevant literature. In line with the
determined criteria, a questionnaire was prepared by the best-
worst method. The questionnaire was used to find the weight
values of each criterion in line with the experts’ opinions.

Each criterion used in the study should be adequately trans-
ferred to the GIS environment. For example, the criteria such
as wind speed, water depth, pipe, and cable line below the
technical main criteria should be both suitable for the work
area and their classification should be done correctly. There-
fore, all the criteria prepared were cut according to the study
area and their classification was made by considering their val-
ues. On the other hand, the weight values within themselves
must also be calculated to use the criteria, cut and classified
according to the study area in the Weight Sum analysis. For
example, wind speed data is divided into six classes. Each class
of this criterion, divided into six classes, should be weighted
according to the degree of importance. For this purpose, a
qguestionnaire by the best-worst method was prepared for
each criterion, and each criterion’s weight values were calcu-
lated using these questionnaires. While the weight values of
the criteria were found according to the determined classes,
they were calculated according to the procedure suggested by
Rezaei (2015). The data whose weight values were calculated
were finally reclassified according to their weight values using
the “Reclassify” method and made ready for analysis. Weight
Sum analysis was applied using these weight values and the
general weight values filled and found by the experts.

3.2.1. Selection of the criteria

It is a very important issue that the power plants to be es-
tablished for solar, wind, or wave energy in any place should
be installed in suitable areas. For this reason, there are many
studies conducted with MCDM and GIS aiming to find suitable
locations for solar, wind, or wave power plant installation (Ca-
ceoglu et al., 2022; Taoufik & Fekri, 2021; Castro-Santos et al.,
2020; Satir et al., 2018; Aydin et al., 2013; Tercan, 2021; Va-
sileiou et al., 2017; Castro-Santos et al., 2020). In these stud-
ies, various criteria (wind speed, wind power density, pipe,
cable lines, etc.) were used to find the installation of power
plants in suitable places. This study aims to find appropriate
locations for OWFs. For this purpose, 17 criteria have been
determined under four main criteria. These, within the tech-
nical main criterion, wind speed, water depth, pipe, cable line,
capacity factor distribution and submarine geomorphology.
Within the socio-economic main criterion, tourism density,
beach areas and sea traffic, within the environment main cri-
terion, sea sunken areas, bird migration routes, visual impact
and seismicity, within the location main criterion, distance to
power lines, distance to ports, distance to coastline, distance
to islands and distance to airports (Fig. 3). While selecting
these criteria, the literature on the subject was examined in
detail, and the physical and human characteristics of the study
area were considered. Among the many criteria used in the lit-
erature, the criteria deemed appropriate by the authors were
selected according to the features of the study area.

Technical main criteria (wind speed, water depth, pipe and ca-
ble line, capacity factor distribution and submarine geomor-
phology) are explained in detail according to their situation in
the study area and depending on the literature:

Wind Speed (A1): Wind speed is one of the most critical crite-
ria used in OWF studies and has a high weight value. The wind
speed criterion was the primary criterion in almost all the
studies examined (Van-Haaren & Fthenakis, 2011; Ozsahin &
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Table 2. Offshore criteria and their classes, source, type, and resolution.

Main Classification Criteria Data Source Data Type Re(sS%LlJlt(;i;)n

Wind speed Global Wind Atlas, 2022 Grid 100 m

Water depth GEBCO, 2022 Grid 30m

Interagency Ocean
: : Observation Committee ) . .
. Pipe and cable line (100C), 2022; BOTAS, Shapefile - Line 1:100,000
Technical
2022
Capacity factor distribu- | G|opal wind Atlas, 2022 Grid 100 m
Smea””fogg?m”pm' GEBCO, 2022 Grid 30m
Tourism density and ) .
beach areas OpenStreetMap, 2022 Shapefile - Polygon 1:100,000
SIBEE- R ETE Cost OpenStreetMap, 2022 Shapefile - Line 1:100,000
Sea traffic Marine Traffic, 2022 Shapefile - Line 1:100,000
Sea sunken areas Akkog, 2013 Shapefile - Point 1:25,000
Bird migration routes K|2|rog|u;(;11dsErdogan, Shapefile - Line 1:100,000
Environment -
Visual impact Authors create.d it based Shapefile - Line 1:100,000
on coastal distance.

Seismicity MTA, 2022 Shapefile - Line 1:100,000
Distance to power lines OpenStreetMap, 2022 Shapefile - Line 1:50,000
Distance to ports OpenStreetMap, 2022 Shapefile - Point 1:25,000
Location Distance to coastline OpenStreetMap, 2022 Shapefile - Line 1:100,000
Distance to islands OpenStreetMap, 2022 Shapefile - Point 1:100,000
Distance to airports OpenStreetMap, 2022 Shapefile - Point 1:25,000

Kaymaz, 2013; Hofer et al., 2016; Ayodelea et al., 2018; Shora-
beh et al., 2021). Wind speed directly affects the workability
of the power plant. The energy produced from wind power
plants is directly proportional to the cube of the wind speed.
According to this ratio, while the wind speed increases the ef-
ficiency by 150% in terrestrial areas, it increases by 40% in the
open seas due to the stability of the wind speed (Caceoglu et
al., 2022). The minimum wind speed required for wind farms
differs in most studies. For instance, Gorsevski et al. (2013) re-
ported wind speed from zero to 7.5 m/s, Ali et al. (2019) min-
imum 4 m/s for wind farms in different locations, Shorabeh et
al. (2022) values of 5 m/s for large wind farms and 4 m/s and
less for small wind farms, Saraswat et al. (2021) determined
wind speeds between 5-6 m/s as suitable areas. In addition,
wind speeds above 15 m/s can cause damage to wind turbines
(Taoufik & Fekri, 2021). Finally, recent developments in wind
power plants show that large turbines with 87-100 m hub
height and 8-10 MW capacity will be preferred soon (Caceog-
lu et al., 2022). Wind speeds in the study area range from 6 to
9.5 m/s on average (Fig. 4-A1). In this study, the wind speed at
100 m was used and the areas with a minimum wind speed of
7 to 9 m/s were determined as suitable areas.

Technical Socio-economic

Water Depth (A2): Water depth is an important criterion as
it directly affects the type and cost of the wind farm to be
built. It is also frequently used in OWF studies (Murali et al.,
2014; Vasileioua et al., 2017; Deveci et al., 2020). In the stud-
ies, it was stated that 50 m or less depths would be suitable
for wind farm installation, while it was noted that the power
plant could be installed at water depths varying between 50
and 100 m (Taoufik & Fekri, 2021). Another study stated that
power plants built at water depths exceeding 75 m would be
difficult to construct, and the cost will increase (Murali et al.,
2014). In many parts of the study area shores, the first 50 m
of the shoreline is very narrow. After a few kilometers, depths
of 50 m can be reached. Between 50 and 100 m is a large
area. After 100 m, the slope increases after the depth, and the
depths can change in short distances (Fig. 4-A2). Therefore,
the coasts of the study area with a depth of 75 to 100 m have
been determined as the priority areas.

Another important issue regarding water depth for OWFs is
landslides under the sea. High seafloor slopes can cause sub-
marine landslides. It is known that seafloor landslides occur
in many parts of the Marmara Sea (Sivri, 2013). In addition, in
steep places where the sea depth increases, it is difficult for

¢ Wind speed e Tourism density and beach
e Water depth areas

¢ Pipe and cable line e Cost

e Capacity factor distribution o Sea traffic

e Submarine geomorphology

Environment - Location
e Sea sunken areas e Distance to power lines
e Bird migration routes ¢ Distance to ports
e Visual impact e Distance to coastline
e Seismicity ¢ Distance to islands

e Distance to airports

Figure 3. Criteria for site selection of offshore wind farms (OWFs).
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the power plant to anchor to the seabed. Considering these
criteria in the study, the experts who filled out the question-
naire were given the necessary information.

Pipelines and Cables in the Seabed (A3): Pipe and cable lines
under the sea are vital due to factors such as wind farms’ effect
on fixing the seabed and the difficulties during installation, and
the difficulty of energy transfer. Submarine cable lines start from
the North Aegean coast within the study area, pass through the
Cannakkale Strait, and then through the Sea of Marmara and
the Bosporus. Pipelines (natural gas) pass through the Marmara
Sea (Fig. 4-A3). In addition, there are telecommunication cables
around the Sea of Marmara and the Bosporus. However, these
cables could not be transferred to the map. Therefore, such
small cable lines could not be used in the study. Buffer analysis
determined the distances to the pipes and cable lines select-
ed in the study. Accordingly, 100 m perimeter of pipe and cable
lines were defined as unsuitable areas and low weight values
were given to these areas.

Capacity Factor Distribution (A4): Capacity factor distribution
is an important criterion in wind power plants built at sea or on
land. The capacity factor is the expected wind power generation
ratio to the wind power at the wind turbine’s rated power over
a given time (Siyal et al. 2015). The capacity factor is one of the
most influential parameters showing the wind energy genera-
tor’s electricity generation efficiency and directly impacts the
electricity cost. It is an indicator of the economic viability of a
wind energy project (Nedaei et al., 2014). The capacity factor
value of today’s wind turbines is up to 50%. The approach of the
capacity factor to the ideal weight means an increase in energy
production (Tortumluoglu & Dogan, 2021). For a wind turbine or

a wind farm, a capacity factor of 20-40% is ideal (Snyder & Kai-
ser, 2009). According to the average capacity factor distribution
determined by the General Directorate of Renewable Energy in
the study area, the capacity factor distribution of especially the
North Aegean coasts (around Canakkale - Bozcaada) is between
50-60%. Around the Marmara Sea, this rate is around 25-40%?
(Fig. 4-A4). Accordingly, the study area and its surroundings
provide ideal conditions for capacity factor distribution. A wind
farm to be established is likely to provide sufficient efficiency.

Submarine Geomorphology (A5): Submarine geomorphology is
very important in determining the seafloor’s diversity, the sea-
bed topography’s movements, and scanning the area for power
plant installation. High-risk events such as slope fractures, land-
slides, underwater cave collapses, and collapses that may occur
under the sea can cause severe damage to the turbines. Ground
scans and extensive geotechnical analysis are required for reli-
able turbine foundations. The study area and its surroundings
(especially the Sea of Marmara) have unique and complex fea-
tures and active tectonics. The North Anatolian Fault Line is one
of the most influential factors forming the study area. The shelf
area covers about half of the Marmara Sea and is quite wide
in the south and southwest. It narrows entirely in front of the
Ganos and Samanli mountains. Near Ugmakdere, the coast com-
pletely disappears to the west of Tekirdag, and the shelf area in
front of the sea almost disappears. In addition, there are deep
depression areas and many sea valleys in the Marmara Sea
(Akyiiz, 2007). On the other hand, the North Aegean Coasts of
the study area were selected especially close to the coast and
the continental shelf is wide, although the depths increase in
some places in these areas (Fig. 4-A5). A wide continental shelf
is very important for OWFs.

T T T
2000007 26°00°K VR

Aok G b ootk
1

41°00°N~ A4

Wwoen-|

Capacity Factor
Distribution
.o

0.2-04
[Jos-as
[ os-as
B os-

0 37,575 150km " S
et Cies

T
28%0'E

30°00°N-]

T T
2640070 vt 29%0'E

260000°T 2700 200'0°T 200'0°F 26°0'0°F 2700 200°0°F 29°0'0°T. 26°0°0°F 2700°F ®}NT 29°0°F 3000°T
1 A i A A e A 1 i & A 1
> S oo A2 IAS o = i1y
Wwind Speed 7
ind Spee Water Depth (m) Pipe and F-eo
m/s ™ 1 2 .
(m/s) I < 250 1 000 Cable Line (m)
| ERU [ 0980 700 I < 1000
-7 [ -e0s--500 I 1.00 - 10.000
[Jr1-s 10.091 - 25000
L []-a8s--200 L,
— P il ) 25,021 - 52.000 99
' M [ -100--100 [ 50001 - 75 a0
s | KR B o0z
Soa Sea S
0 3570 140km 0 40 & 160km
Cites Cities ] Cities
¥y

300N ond AD

[=4000°N 4 ygrgen]

3900 060N

\ T T T
W00 2900 2800 200

et oo w0t

FIrvoN

000N

Submarine
Geomorphology

I Ceep Sea Pits

- Deep Submarine Valleys
[ centinental Ascension
[ centinental Siope

I Continental Self

Sea

Clies

39 00N

140km

T T T
2TN0'E 28%0'E 29°00°€

Figure 4. Technical criteria for offshore wind farm site selection: Wind speed (A1), Water depth (A2), Pipelines and cables in the seabed (A3), Capacity factor

distribution (A4) and Submarine geomorphology (A5).

2 These values have been prepared by considering the technical values of a 3 MW wind turbine.
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Socio-economic main criteria (tourism density, beach areas
and sea traffic) are explained in detail according to their situa-
tion in the study area and depending on the literature:

Tourism Density and Beach Areas (B1): Tourism Density
Beach Areas: Tourist attractions may be affected by wind tur-
bines in some cases. These touristic activities on the coasts
are beach areas, yacht and daily boat tours, and diving activ-
ities. Especially wind power plants established on the shores
where such tourism activities occur can negatively affect tour-
ist attractiveness due to visual and noise pollution. According
to their studies on tourists, Lilley et al. (2010) stated that they
can be adversely affected by a wind farm being established
in the open sea in any touristic destination area. In the same
study, considering that the avoidance effect decreases with
distance from the shore, it was concluded that this result
would be reduced by placing offshore wind turbines further
away from the sea. In this study, coastal areas with intense
tourism were determined and distance analysis (buffer) was
applied (Fig. 5-B1). Accordingly, low weight values are given to
coastal areas close to tourism areas.

Cost to Install OWFs (B2): The depth of the water, the dis-
tance to the shore, the rugged submarine geomorphology, the
length of the cable for electricity transmission, the high wave
height and speed (more robust structures need to be made,
which increases the cost) are the factors that increase the in-
stallation cost of OWFs (Caceoglu et al., 2022; Gil-Garcia et
al., 2022; Taoufik & Fekri, 2021). As you move away from the
coast, the sea’s depth increases and the underwater topog-
raphy becomes more complex. In addition, the farther from
the shore, the longer the cable line for electricity transmission

will increase. Therefore, OWFs should be installed close to the
coasts, in areas with low depth and where possible underwa-
ter topography is suitable.

In this study, to create the cost map of the study area, the
criteria (water depth, distance to the shore, etc.) that affect
the cost were determined in the literature. The weight values
of these criteria need to be determined. For this, the authors
created a BWM questionnaire, and the weight values of each
criterion were found. Finding weight values and criteria were
reclassified within themselves using ArcGIS software. As a re-
sult, these criteria overlapped with the Weight Sum analysis
method and the areas where the high cost was found. The
study used this map as a cost map (Fig. 5-B2).

Sea Traffic (B3): Ship traffic is an essential issue for OWFs.
OWFs can be dangerous to install in areas with heavy ship traf-
fic. Turkey acts as a bridge between Asia and Europe. The only
way for a ship departing from the Black Sea to sail to the Aege-
an and Mediterranean Seas and from there to the world is to
use the Bosporus and Dardanelles (this is also true vice versa).
Therefore, the ship traffic between north and south and east
and west is intense (Marine Traffic, 2022). Due to the intensi-
ty experienced in the Straits, the Republic of Turkey has de-
termined the passageways to the characteristics of the ships
(length, load, etc.) by bringing a series of rules for the safe and
regular flow of ship traffic (Turkish Straits Marine Traffic Reg-
ulation, 2019). Consideration of these ship routes is essential
for the installation of OWFs. The study applied a buffer anal-
ysis considering the ship routes in the study area (Fig. 5-B3).
Low weight values are given to areas close to shipways.
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Environment main criteria (underwater wrecks, bird migration
routes, visual impact, and seismicity) are explained in detail
according to their situation in the study area and depending
on the literature:

Underwater Wrecks (C1): Underwater Wrecks have an impor-
tant historical value and are frequently used in underwater
diving tourism. In addition, vehicles such as old planes and
tanks are sunk in the name of diving tourism development.
This underwater debris can sometimes be found near the
shore. This may affect the site selection of OWFs. Therefore,
this criterion was considered important and added to the
study. Within the scope of the study, each wreck was deter-
mined, and buffer analysis was applied to determine the dis-
tances to these wrecks (Fig. 6-C1).

Bird Migration Routes (C2): The effect of birds on OWFs is
quite limited, according to the literature. However, birds can
physically strike turbines’ wind blades, towers, engine rooms
or related infrastructure elements. This can partially damage
the turbines (Moriguchi et al.2019). The important thing here
is the lives of the wildlife, namely the birds. Turbines installed
on bird migration routes can harm the lives of birds. For this
reason, this issue is important in the turbine installation site
selection and has been added as a criterion to the study.

Due to its location, Turkey is on bird migration routes that mi-
grate in both north-south and east-west directions. In particu-
lar, the study area is located on the migration routes of many
birds that periodically migrate from Europe to Africa or Africa
to Europe (Kiziroglu & Erdogan, 2015; Bird Map, 2022). The
study applied a buffer analysis considering the bird migration

routes passing through the study area (Fig. 6-C2). These re-
gions are restricted by giving low weight values to the areas
close to the bird migration routes.

Visual Effect (C3): Wind farms near shore or tourist destina-
tions can be problematic for locals and tourists. Ladenburg
(2009) found that whether the public has positive thoughts
about the existing wind turbines and the proximity of the tur-
bines to the coastal areas is related. On the other hand, it has
been stated that wind turbines close to the coasts will be a
focus of attention (Sullivan et al., 2013). Considering these is-
sues, buffer analysis was applied by giving high weight values
to places with a certain distance to touristic places and coasts
(approximately 15-20 km) (Fig. 6-C3).

Seismicity (C4): Wind turbines and turbine infrastructures (ca-
ble, concrete block, transformer station, etc.) can be damaged
directly due to the shaking caused by the earthquake or as
an indirect effect of the earthquake, because of liquefaction,
landslides and tsunamis (Geng et al., 2021; Caceoglu et al.,
2022). The presence of intense fault lines in Turkey increases
the potential for earthquakes. Since 1900, 19 earthquakes of
magnitude 7.0 have occurred (BOUN KOERI Regional Earth-
quake-Tsunami Monitoring Center, 2022). In particular, the
North Anatolian Fault line, Turkey’s most important fault line,
passes through the northern and southern borders of the
study area. A buffer analysis was applied to the study area us-
ing the fault lines data produced by the General Directorate
of Mineral Research and Exploration (MTA). According to the
analysis results, the distances close to the fault lines are limit-
ed by giving low weight values (Fig. 6-C4).
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Figure 6. Environment criteria for offshore wind farm site selection: Underwater wrecks (C1), Bird migration routes (C2), Visual effect (C3) and Seismicity (C4).
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Location main criteria (Distance to power lines, distance to
ports, distance to the coastline, distance to islands, distance
to airports) are explained in detail according to their situation
in the study area and depending on the literature:

Distance to Power Lines (D1): The electricity produced from
wind power plants must be transmitted to the nearest power
lines and areas with energy demand. The cost of laying elec-
trical transmission cables from wind farms to coastal areas in-
creases tremendously as the distance to the shore increases
(Kim et al., 2018). Therefore, it is very important to know the
exact location of the substations for the economic feasibility
analysis. High-voltage power lines located in the coastal area
of the study area have been identified. Buffer analysis was ap-
plied to these lines within the scope of the study, and the dis-
tances in the open sea were determined. Weights suitable for
the criteria were given according to the results of this analysis
(Fig. 7-D1).

Distance to the Coast and Ports (D2,3): The distance to the
shore and ports is an important criterion in the OWF installa-
tion. Pay attention to the distance to the coast to supply the
necessary construction materials during the installation and
transfer the electrical energy produced. The cost may increase
as the distance to the shore increases. Accordingly, regions
close to the coast are more advantageous for OWF installa-
tion. The study classified these regions from near to far by giv-
ing higher weight values (Fig. 7-D2-3).

Distance to Islands (D4): Important islands (Bozcaada,
Gokgeada, Avsa island, etc.) settled around the study area.
Especially Bozcaada and Gokgeada surroundings are places

where wind speed is very high. So, OWF installation around
the Island can be important in supply and electricity trans-
mission and use. All island regions in the study area were de-
termined, and distances to these islands were calculated. A
gradual classification was made towards distant parts by giv-
ing high-weight values to areas close to the islands (Fig. 7-D4).

Distance to Airports (D5): Sounds emanating from the wind
blades of offshore wind farms in the take-off and landing ar-
eas of aircraft may disrupt the communication signals of the
plane, depending on the landing and take-off times. Offshore
wind farms need to be 3 km away from airports (Pantaleo et
al., 2005). So, a buffer analysis was applied by determining the
airports and aircraft routes near the study area. Accordingly,
classification was made from near to far, and the necessary
weight values were given (Fig. 7-D5).

4. Application Study and Results

The Bayesian BWM method was used to determine the cri-
terion weights. First, the criteria weights were evaluated by
experts. Criteria selections were made according to the char-
acteristics of the specialist and the field of study. Consider-
ing the hierarchy of criteria, vectors from best to worst and
from others to the worst were transferred to the MATLAB pro-
gram, and aggregated final weight values were obtained. The
weights of the main criteria were multiplied by the weights
of the relevant criteria. The global weight values to be trans-
ferred to GIS are presented in Table 3. Accreditation charts,
another feature of Bayesian BWM, are shown in Figure 8.

Credal ranking graphs express at what level the criterion at
the starting point of the arrow is superior to the criterion at
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Figure 7. Location criteria for offshore wind farm site selection: Distance to power lines (D1), Distance to coast (D2), Distance to and ports (D3), Distance to

islands (D4) and Distance to airports (D5).
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Table 3. Weights of the criteria using Bayesian-BWM.

Code | Criteria Global Weights Code | Criteria Global Weights

Al Wind Speed 0.120 Cc2 Bird Migration Routes 0.032
A2 Water Depth 0.059 Cc3 Visual Impact 0.021
A3 Pipe and Cable Line 0.050 c4 Seismicity 0.065
A4 Capacity Factor Distribution 0.111 D1 Distance to Power Lines 0.108
A5 Submarine Geomorphology 0.037 D2 Distance to Ports 0.057
B1 Tourism Density and Beach Areas 0.039 D3 Distance to Coastline 0.058
B2 Cost 0.045 D4 Distance to Islands 0.032
B3 Sea Traffic 0.049 D5 Distance to Airports 0.068
C1 Sea Sunken Areas 0.047

the point where the arrow reaches. These values can take be-
tween 0.5 and 1. If this value is “1”, the relevant criterion is
superior to the other criterion at 100% confidence level. As
this value decreases, the importance level of the two criteria
being compared approaches each other.

4.1. Production of a Conformity Map for a Wind Power Plant

The OWFs setup in the workspace is analyzed in five classes, as
shown in Figure 8; “extremely suitable”, “very suitable”, “suit-
able”, “less suitable,” and “not suitable”. “Extremely suitable”
and “very suitable” classes indicate the most suitable areas
for a wind farm. These regions constitute approximately 4,030
square meters to 16% of the study area (Table 4). According to
the result, the most suitable places for the wind farm corre-

spond to a small place compared to the total size of the study

area. Therefore, it is seen that there are limited areas for wind
panel installation in the study area (Fig. 9).

According to the analysis results, the Aegean Sea coasts of the
study area have more suitable places for power plant instal-
lation. Particularly in the north of the Aegean Sea, the part-
ly northern and southern surroundings of Gokgeada and the
southern shores of Enez district, and in the south, the region
starting from the offshores of Erenkdy and Kumkale on the west
side of Canakkale and up to the surroundings of Bozcaada are
among the most suitable areas for power plant installation. Bo-
zcaada’s western and southwestern parts also form appropri-
ate areas for power plant installation. Further south, Burhaniye
and Ayvalik offshore and incirlik, Aliaga, and Yenifoca offshore,
located on the southern border of the study area, are other
important suitable areas for power plant installation (Fig. 9).

Aw
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Figure 8. Credal Ranking Graph
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Figure 9. Final suitability map for offshore wind farms in the Sea of Marmara and the North Aegean Coasts.
Table 4. Wind power plant classes and spatial distribution
Area
Suitability Classes Suitability Values
% km2
Not Suitable <0.19 23.83 5.646
Less Suitable 0.19-0.21 22.61 5.358
Suitable 0.21-0-24 36.53 8.656
Very Suitable 0.24-0.25 6.04 1.433
Extremely Suitable 0.25> 10.96 2.598
Sum 100 23.693

The North Aegean Sea coast of the study area has approxi-
mately 75% more suitable locations for wind farm installation
than the appropriate regions. The main reason is the high
wind speed and wind capacity factor. In particular, the wind
speed criterion came to the forefront as the most impor-
tant criterion in the weighting results and thus affected the
outcome. The northern parts of the Gallipoli Peninsula, the
surroundings of Gokgeada, and the region starting from the
Canakkale Strait offshore to Bozcaada (Photo. 1). The western
parts of Bozcaada have the highest wind speed values in the
study area. The wind speed in the region is up to 9-10 m/s.
These values are suitable values for the wind power plant.
Therefore, it is true that the coasts of the North Aegean Sea
appear as appropriate areas for power plant installation.

According to the analysis results, some regions of the Darda-
nelles Strait seem suitable for installing wind power plants
due to high-weighted criteria such as proximity to the coast,
power lines, and city centers (Fig. 9). However, these areas
are unsuitable for power plant installation due to narrow and

sea traffic. Therefore, the suitability of these areas should be
ignored.

According to the study outputs, many of the Marmara Sea are
classified as “ unsuitable” and “less suitable” areas. Especially
the great Marmara Trench, located near the northern coast-
al parts of the Marmara Sea and collapsed under the control
of a fault, is an unsuitable area for power plant installation.
The fact that this region has a lot of depth, the national and
international ship traffic is very intense, and it is relatively far
from the coast and city centers is effective in this result. On
the other hand, Istanbul’s Asian shores, off Gebze and Kocaeli
Bay are the least suitable areas for power plant installation.
It has been classified as the least right area for installing the
power plant due to the high sea traffic, low wind speed and
capacity factor value.

According to the study results, the most suitable areas for
wind power plant installation in the Marmara Sea are. It is off
the northwest of Armutlu, off Bandirma, northwest of Kapidag
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Photo 1. West offshore of Bozcaada and existing Bozcaada windmills

Peninsula and north of Pasalimani Island and northwest of
Marmara Island. Most of these areas are classified as suitable
due to factors such as high wind speed, low sea traffic, low sea
depth, proximity to the city center and power lines due to the
islands. In addition, starting from the shores of Tekirdag to the
offshore areas of Sarkoy are partially suitable. Especially Mar-
mara Island and the surrounding island community are the
most suitable areas for a wind power plant. The power plants
to be established in these areas must have the opportunity
both to meet the needs during the installation phase from the
islands and to provide the use of the energy to be produced to
the islands or to transmit it through the islands.

According to the study outputs, some remote areas from the
coastal regions were suitable areas for OWF installation. Some
western parts of the Aegean Sea, shown as “extremely suita-
ble areas” in Figure 9, fall within the area in question. These
areas have the highest wind speed, wind capacity factor dis-
tribution, and density. Therefore, the fact that these criteria
have a high weight value in the study has affected the result
in this direction. However, these areas are disadvantageous in
terms of cost. It should be considered that the OWF planned
to be established here may be costly.

5. Conclusion

This study integrated the Bayesian BWM method with GIS to
determine suitable areas for wind power plants. For this pur-
pose, 17 criteria and experts from different disciplines were
chosen under four main criteria. Literature review and study
area characteristics were considered in determining the crite-
ria. The criteria include wind speed, sea depth, submarine ge-
omorphology, distance to power lines, and seismicity. These
criteria were weighted in line with the experts’ opinions. The
output of Bayesian BWM was entered into the relevant crite-
rion. The resulting map was created by applying the Weight
Sum analysis method, one of the overlay tools in ArcGIS 10.8.

The framework of the study area has been divided into five
classes to determine the suitable locations for the wind farm.
“Extremely suitable” and “very suitable” classes suit wind
power plant installation. The appropriate areas of the results
of the conformity map produced in line with the determined
criteria have come to the forefront as the areas that are af-
fordable in terms of cost, accessible in terms of supply, high
efficiency and partially close to energy consumption centers.
As a matter of fact, at the stage of obtaining results, these
outputs were compared with both existing resources and
the characteristics of the study area, and this conclusion was
reached. Therefore, according to the data of this study, these
areas constitute ideal areas for wind power plant installation.
On the other hand, the regions determined as “suitable”
classes have the most significant part in the study area. These
areas are not very suitable for cost and efficiency comparison.
Finally, “less suitable” and “not suitable” classes are inappro-
priate for wind power plants.

Although the study contributes to the literature with GIS-
based Bayesian-BMW integration, it has some limitations. By
adding more criteria to the criteria determined in the study,
the study can be enriched, and more precise results can be
obtained. There are various types of wind turbines in wind
power plants. Such technical information was not included in
the study. Researching wind turbine types and getting techni-
cal knowledge will help determine the ideal wind turbine for
suitable areas. This was another limitation of the study.
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The timing of the separation of Lake Bafa from the Aegean Sea and its subsequent transition to a
lake remains a topic of debate, with considerable uncertainties associated with the proposed dates
for these transitions. This study introduces a novel approach, hierarchical Bayesian change point
analysis (HBCPA), to identify tipping points in paleoenvironmental time series. The objective is to
offer more precise and objectively selected results concerning the previously uncertain transition
dates of Lake Bafa’s geological evolution in the Holocene. The method presented in this study is
applied to analyze stable oxygen and carbon isotope data from foraminifer and ostracod shells,
as well as total organic carbon (TOC) data, obtained from the BAFAO9P02 sediment core. Results
indicate that the transition from a marine to an isolated lagoon environment occurred around
2060 years BP, with an 89% uncertainty interval ranging from 2250 to 1870 years BP. Additionally,
the transition from an isolated lagoon to a brackish lake environment is estimated to have occur-
red around 595 years BP, with an 89% uncertainty interval ranging from 780 to 425 years BP. The
results of this study illustrate that the suggested HBCPA approach holds the capability to identify
tipping points in environmental data while quantifying their intrinsic uncertainties.

Bafa Géli’niin Ege Denizi’'nden ayrilmasinin ve ardindan tatlisu géliine gegisinin zamanlamasi
tartismalidir ve bu degisimler igin Gnerilmis olan tarihlerin belirsizlik araliklari olduk¢a
genistir. Bu ¢alismada, paleogevre verilerinin analizinde kullaniimak lizere yeni bir yaklasim
olarak “hiyerarsik Bayes degisim noktasi analizi” (HBCPA) énerilmektedir ve sonug olarak
Bafa Géli’niin Holosen’de ortamsal degisim tarihleri igin 6nerilmis genis belirsizlik araliklarini
daraltma amacini tasimaktadir. Onerilen yéntem, BAFAO9PO2 ¢ékel karotu foraminifer ve
ostrakod kavkilarindan elde edilen durayli oksijen ve karbon izotop verileri ile toplam organik
karbon (TOC) verileri iizerinde uygulanmistir. Sonuglar, denizel ortamdan kapali lagiinel ortama
gecisin yaklasik GO 2060 yil civarinda gerceklestigini ve %89 belirsizlik araliginin GO 2250 ila
1870 yillari araliginda oldugunu géstermektedir. Kapali bir lagiinden acisu g6l ortamina gegisin
ise yaklasik GO 595 yil civarinda gerceklestigi ve %89 belirsizlik araliginin GO 780 ila 425 yillarini
kapsadigr bulunmustur. Bu ¢alismanin sonuglari, énerilen HBCPA y6nteminin jeolojik verilerde
cevresel degisim noktalarini, sahip olduklari belirsizlikleriile 6lgme potansiyeline sahip oldugunu
gdbstermektedir.
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1. Introduction

Lake Bafa, located near notable ancient sites including Mile-
tos, Priene, and Herakleia, is a remnant body formed by the
separation of the Gulf of Latmos from the Aegean Sea. The
separation took place as a result of the progradation of the
delta mouth of the Blyluk Menderes River (referred to as the
Maiandros River in ancient times), which led to the formation
of a barrier (see Figure 1). Despite its environmental, archae-
ological and geological significance, the timing of the lake’s
isolation from the Aegean Sea is still a matter of debate (cf.
Akcer-On et al., 2020; Briickner et al., 2017; Miillenhoff et al.,
2004; Salihoglu & Akger-On, 2020).

Previous studies have reported conflicting dates, with varia-
tions of more than three thousand years, regarding the pe-
riod when the basin became isolated from the open sea (cf.
Akger-On et al., 2020; Knipping et al., 2008; Miillenhoff et
al., 2004). However, Akger-On et al. (2020) used up-to-date
calibration curves and advanced Bayesian age-depth mod-
eling techniques to demonstrate the potential compatibility
between the contradictory hypotheses proposed by Akger-On
et al. (2020) and Knipping et al. (2008). Given that the tem-
poral findings presented by Akger-On et al. (2020) are in di-
rect contradiction with all previously documented studies, the
uncertainty intervals for the transition dates are approached
with utmost caution, resulting in the broadest range of un-
certainty being reported. They utilized a multiproxy approach
that included faunal distribution, geochemical data, and phys-
ical properties of the core. The discussion focuses on different
age-depth models based on diverse assumptions, leading to a
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high level of uncertainty. Their results highlighted the tempo-
ral uncertainties associated with the transition from a marine
environment to an isolated lagoon, spanning up to two mil-
lennia. Similarly, the transition from an isolated lagoon to a
brackish lake exhibited uncertainties covering approximately
600 years (see the upper panel of Table 1).

The present study reports the results of a hierarchical (mul-
tilevel) Bayesian change point analysis (HBCPA) to estimate
transition dates with greater objectivity and precision than
those reported by Akcer-On et al. (2020). TOC data from
bulk sediment, stable carbon and oxygen isotope data from
foraminifer and ostracod shells (Figure 2) in the BAFAO9P02
core are analyzed using HBCPA. This statistical method de-
tects credible shifts or changes in multiple time series data
simultaneously, providing an overall average that captures any
type of uncertainty. The approach employs piecewise linear
regression to approximate the data and estimate parameters
for each segment, identifying points in time where the data
deviates from the prior segment. A hierarchical Bayesian ap-
proach is advantageous for incorporating all levels of uncer-
tainties and prior information of the data, and expressing the
uncertainty of the results in an intuitive way.

Several prior studies in the field of earth sciences have utilized
Bayesian hierarchical models (On et al., 2023, and references
therein), Bayesian solutions of Kalman filter to assess poten-
tial changes through regression models (On et al., 2021), or
Bayesian change point analysis to identify trend shifts or lev-
el changes in time series (Cahill et al., 2015; Gallagher et al.,

38°

27°

Figure 1. Location map of Lake Bafa and the drilling site (red star) of BAFAO9P02 core. Modified from Akger-On et al. (2020).
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Figure 2. The figure illustrates the core depth plotted against the proxy data obtained from Akcer-On et al. (2020) and employed in this study. The gray shaded
areas indicate the intervals of environmental change as identified by Akcer-On et al. (2020). The red curves represent the missing datasets, with small red dots

indicating the filled data.

2011; On, in press). However, to the best of my knowledge, no
previous studies have employed a hierarchical change point
approach to analyze paleoenvironmental data. In the case of
the Lake Bafa data, this approach is feasible since multiple
proxy data indicate a discernible response to environmental
changes. (Figure 2). Therefore, the findings of this study have
the potential to offer insights into the disputed geographic
history of the region in the archaeological timespan.

2. Regional Setting

Lake Bafa is a shallow freshwater lake located in southwestern
Anatolia, Turkey, approximately 20 km inland from the Aegean
Sea (Figure 1). The lake, covering an area of approximately 70
square kilometers, is a residual body of water that originated
from the delta progradation of the Biiyiik Menderes River. The
region is characterized by rugged terrain and is sparsely popu-
lated. The lake basin is situated within the Aegean extensional
province, which is subject to active extensional faulting ow-
ing to significant tectonic activity (Mozafari et al., 2019). The
area experiences the influence of a Mediterranean climate
pattern, characterized by abundant rainfall during winter and
scarce precipitation during summer. The lake is characterized
as mesohaline with a salinity range of 8-13%.. Lake Bafa is
fed by several small streams and is home to a diverse range of

plant and animal species, including several endemic species
(Akcer-On et al., 2020).

3. Materials and Methods
3.1. Data

This study examines a 298 cm long undisturbed sediment core
(BAFA09P02) retrieved from the eastern part of Lake Bafa (Fig-
ure 1) in 2009 at a water depth of 4.9 m. According to the
“preferred” age-depth model of Akcer-On et al. (2020), the
core approximately spans the last 8700 years BP. Akcer-On
et al. (2020) provided a thorough analysis and description of
the sediment core, including the TOC measurements, and also
the 680 and 83C compositions of the shells from the most
common and consistent benthic foraminifer species, Ammo-
nia tepida-Ammonia sp., as well as from ostracod species,
Cyprideis torosa and Xestoleberis sp. To simplify notation, this
study uses subscripts F and O to represent the isotope values
of foraminifers and ostracods, respectively. These proxy data
are suitable indicators of environmental changes, encompass-
ing salinity, evaporation, and organic productivity. Their age-
based profiles facilitate the exploration of the timing and as-
sociated uncertainties linked to the chemical and subsequent
physical transitions of Lake Bafa, which was once connected to
the Aegean Sea in the geological past.

1 The term “years BP” is an abbreviation used to refer to years before the present, where the present is defined as 1950 CE, as established by Flint & Deevey

(1962).
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The data resolution for all presented data is 5 cm. However,
at specific depths, as noted in the supporting information by
Akcer-On et al. (2020), measurements of stable isotope data
from ostracod species are missing. To address this, the origi-
nal authors used linear regression approach, utilizing available
data points from adjacent depths. Similarly, in this study, the
same approach has been applied to estimate and complete
the missing data points throughout the entire data matrix
(Figure 2).

3.2. Hierarchical Bayesian Change Point Analysis

The time series of 680, 613C;, 6180, and TOC in this study
are assumed to have two change points, while §13C,, as de-
scribed in Section 4, involves only one change point. All these
data are assumed to be described as piecewise linear regres-
sions between and beyond the change points. All these data
are assumed to follow a piecewise linear regression model,
both between and beyond the change points. In the equations
below, the time axis for each series is defined by {x,,...,x,.},
where x; and x,, represent the first and last elements of the
time vector. The piecewise regression models for each stand-
ardized (x;,yf) can be expressed as per the notation of Lin-
delgv (2020):

v~ tom(uf, (6%)?) (1)
where u{‘ is given by

uf =[x = xq1[x; < cf](ak + Bfx;)
+[x; = c¥llx; < cK1(af + BEx;) @)

+[x; = 51l < x,](ak + BExy),

and
ok ~NO*)(0,1), 3)

vk ~ Exp(1/30). )

In Equation 2, the mathematical statement [aRb] represents
a binary indicator function that denotes the truth value of a

relational statement [aﬁb] where R denotes any given re-
lation. This relational statement evaluates to a logical varia-
ble that equals 1 if and only if the relation holds true, and 0
otherwise. The equation presented in Equation 1 above uti-
lizes the notation ¢, to represent the t-distribution, where v
denotes the degrees of freedom or the normality parameter,
as described by Kruschke (2015). In order to exercise greater
caution with respect to the regression parameters, a robust
t-distribution was selected to prevent any potential influence
of outliers on the detection of change points in the data.
Moreover, the parameter v is assigned an exponential distri-
bution with a mean value of 30 to create a prior that assigns
equal probability to values of v less than or greater than 30,
and thereby giving equal weight to an approximate normal
distribution and a heavy-tailed distribution. (N(®) denotes
truncated normal distribution with truncation range (0,00) and
Exp denotes exponential distribution. The upper index & rep-
resents the index of the variable, running from 1 to 5. These
index numbers, as also given in Figure 2, correspond to 620,
813C;, 680y, 63C,, and TOC, respectively.

The uncertainty of the age model is implemented through:
x; ~ N(x{™, (67™)?), (5)

where x;?™ and 0;2™ are the standardized mean and one sigma
error of the age model presented as the “preferred age mod-
el” in Akger-On et al. (2020).

For each variable, the change points ¢, and c, are described
as:

ek ~t,(cf,2002), (6)

(7)

where Cf and c§ are the comprehensive change points, which
from now on | will call them as general change points, which
are of primary interest and assumed as such:

ck ~t,(ck,2002),

cf ~ tyer1}(520,2002), (8)
c; ~ t,w2)(2545,200%), 9)
where

vPl ~ Exp(1/30), (10)

and

v ~ Exp(1/30). (11)

The mean and scale values of the ¢-distributions in Equations 6
to 9 were standardized with respect to the mean and standard
deviation of the age model before conducting the analyses.
The normality parameter in each ¢-distribution of the model is

specified using an exponential distribution with a mean value
of 30.

If not defined as zero, the parameters of each regression are
defined as:

a}k ~ t10(0,2%),

(12)

Bff ~ t10(0,2%). (13)

However, according to our model assumptions

1 p1 pl p2 P2 p2 PR3 p3 4 p4 -4 PS5 pP5
Bi.B2, B3, B1, B2, B3, B, B3, a3, B3, ci, BT, B are
assumed to be zero. For details, please refer to the JAGS mod-
el provided at https://github.com/zboraon/LakeBafeClosure
Bayesian_cps.

The posterior distributions of the model were obtained using
Gibbs sampling through the JAGS program (Plummer, 2003)
and the runjags interface (Denwood, 2016) in R (R Core Team,
2023). After discarding the initial 10,000 adaptation and burn-
in steps, the Gibbs sampling process was performed for the
standardized data model in JAGS. To ensure convergence, four
separate Markov chain Monte Carlo (MCMC) chains with ran-
dom initial points were ran, each consisting of 50,000 itera-
tions for every dataset. The convergence of the Bayesian mod-
el was assessed by examining the trace plots, autocorrelation
plots, effective sample size statistics, Gelman-Rubin statistics,
and density plots, stacked for all four MCMC runs for all pa-
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rameters (Figures S1-S6). The 89% highest density intervals
(HDI), which provide uncertainty intervals for the outcomes,
are presented following the methodology outlined by Krus-
chke (2015).

4. Results and Discussion

This study utilizes a HBCPA that assumes piecewise linear re-
gressions before and after each change point, based on the
two-step closure hypothesis of Lake Bafa described in Akger-
On et al. (2020). The assumptions for the model vary for each
dataset, with three linear levels around two change points for
580 and 63C;, mixed levels and trends around two change
points for 6804 and TOC, and a single change point with trend
lines on both sides for §!3Cq. Prior visual observations of the
data were taken into account to establish these model settings
and to determine which a and S values are zero, as explicitly
given in Section 3.2 and in the JAGS model given in https://
github.com/zboraon/LakeBafeClosure_Bayesian_cps.

Additionally, alternative approaches were explored for ana-
lyzing each dataset during the research process of this study.
However, these alternative approaches were not included in
the main analyses and are not presented in this paper. For
example, trend lines spanning between and beyond change
points were utilized when analyzing the 5§80, data (see the

top plot in Figure 3). However, the MCMC runs did not con-
verge for this approach, possibly due to model misspecifica-
tion issues. Moreover, a single change point assumption was
adopted for the 83C, data, as alternative change point as-
sumptions did not suggest a change at the isolated lagoon-to-
lake transition. The results indicated a change occurring at a
time point that is out of the context of this article. Therefore,
the model specifications used in this study support the claims
of a two-step transition and allow each model to converge to
relatively meaningful dates.

The residual errors of the regression models in each segment
are assumed to follow a t-distribution, as are the change
point locations in each segment. The hyperparameters for the
mean parameters of the t-distributions for the general change
points (Equations 8 and 9) were selected based on the mean
values reported in Akcer-On et al. (2020, p. 670), indicating
that Lake Bafa started its transition to an isolated lagoon
around 1180/1148 BCE (equivalent to 3130/3098 years BP),
completed the transition by around 33/20 BCE (equivalent to
1983/1970 years BP), and fully transitioned to a closed brack-
ish lake around 1397/1465 CE (equivalent to 553/485 years
BP). The hyperparameters for the scale parameters of the
t-distributions for the change points (Equations 6 to 9) were
chosen with consideration given to its ability to span almost
a millennium when multiplied by a factor of two. The limited
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Figure 3. The figure displays the locations of the change points obtained from the change point analysis superimposed on the proxy time series. The cyan shad-
ed regions represent the 89% highest density intervals (HDIs) of the posterior distributions of each change point. Within each segment, the red line segments
show the piecewise linear regressions fitted to the median values of the posterior distributions of the regression parameters for each model.
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Table 1. The top panel shows the uncertainty intervals of the start and end dates of environmental changes, obtained from the “preferred” age model proposed
by Akcer-On et al. (2020, Table 3). The uncertainties have been expressed as 95.4% “credible interval”. The lower panel of the table shows the results of the hier-
archical change point analyses for each proxy data and the general change points obtained in this study. The columns display the median values of the posterior
distributions for each change point and their uncertainties are represented as 89% HDIs.

marine-to-isolated lagoon isolated lagoon-to-lake
cp-2 (years BP) cp-1 (years BP)

Start of the End of the Start of the End of the
Results from transition transition transition transition
Akger-On et al. (2020) 3905-1509 2155-1774 984-602 595-385
Proxy Median HDI high HDI low Median HDI high HDI low
6180, 2085 2120 2050 820 855 790
813¢C, 2260 2315 2210 610 825 560
6180, 1480 1565 1310 320 350 260
613C, 2010 2210 1840 — — —
TOC 1850 1890 1815 675 710 645
General cp’s 2060 2250 1870 595 780 425

number of available datasets makes it challenging to obtain
reliable estimates of parameters in statistical models. While
using more informative priors than those specified in Equa-
tions 6 to 9 could potentially impact the results significantly,
doing so would require disregarding the proxy data utilized

focus on the faunal distribution within the core. To address
this issue, the information from the faunal distribution data
and other geochemistry data (specifically, u-XRF elemental
counts) are incorporated into the model through prior distri-
butions and their hyperparameters (Equations 6 to 9).

in this study. However, if weaker priors are adopted, it would
overlook the significant findings of Akcer-On et al. (2020),
who utilized a valuable multiproxy approach with a primary

The dates of the transitions obtained from the “preferred” age
model are listed in Table 3 of Akcer-On et al. (2020) and sum-

Change point 1

median = 596
89% HDI
424 778
{ T T T |
200 400 600 800 1000
years (BP)
Change point 2
median = 2060
89% HDI
1870 2250
I T T T T |
1600 1800 2000 2200 2400 2600
years (BP)

Figure 4. The figure exhibits the posterior distributions of the general change points, including their median values and 89% HDIs. The results of the transition
from isolated lagoon-to-lake are displayed in the upper figure, while the results of the marine-to-isolated lagoon transition are shown in the lower figure.
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marized in Table 1 of this study. These dates were determined
based on the transition depths identified using multiproxy
data, which included changes in faunal, lithostratigraphic, and
geochemical characteristics along the core. The study aimed
to demonstrate that the timing of the closure of Lake Bafa
differed significantly from previous studies (Aksu et al., 1987;
Knipping et al., 2008; Miillenhoff et al., 2004). Therefore, in
order to be as cautious as they can, the presented dates in-
clude the widest possible uncertainties, taking into account
different age-depth models.

The results of this study for each proxy data (Figure 3 and Ta-
ble 1) show slightly different transition dates than those pre-
sented by Akger-On et al. (2020), where each of the transitions
of each proxy data are assumed to reflect phase transitions
of environmental conditions. The dates and associated uncer-
tainties of the general change points (Table 1 and Figure 4)
obtained via the hierarchical model, which are 2060 (2250-
1870) years BP and 595 (780-425) years BP, does not contra-
dict with the proposed intervals by Akger-On et al. (2020). The
discrepancies in the transition dates between the results of
each single proxy dataset, the multiproxy results of Akcer-On
et al. (2020), and the general change points of this study are
probably attributable to differences in sampling methods,
sampling resolutions, bioturbation in the sediment column,
and sensitivity of different proxies to transitions. Moreover,
Salihoglu & Akcer-On (2020), who conducted a recent study
based on the cluster analysis of ostracod and foraminifer spe-
cies counts, reported transition dates of 2200 + 70 and 600
+ 80 years BP for marine-to-isolated lagoon and isolated la-
goon-to-lake transitions, respectively. These dates are in close
agreement with the results of our study.

5. Conclusions

The proposed method in this study employs a hierarchical
Bayesian change point analysis to address the issues of “sub-
jective” selection of transition points and large uncertainties
of transition dates in a previous study on Lake Bafa. The pro-
posed method is applied to the TOC data, and stable oxygen
and carbon isotope data of foraminifers and ostracods from
the BAFAQ9PO02 core. The results suggests that, the transition
from marine to isolated lagoon of Lake Bafa might have taken
place within the period of 2250-1870 years BP (equivalent to
300 BCE-80 CE), with a median value of 2060 years BP (equiv-
alent to 110 BCE), where the uncertainty is expressed as 89%
HDI. And, the transition from isolated lagoon to lake is esti-
mated to have occurred within the period of 780-425 years
BP (equivalent to 1170 CE-1525 CE), with a median value of
595 years BP (equivalent to 1355 CE), where the uncertainty
is expressed as 89% HDI. Furthermore, the study contributes
to the field of earth sciences by utilizing a hierarchical change
point approach for analyzing paleoenvironmental data.
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Burdur Goli, Turkiye’nin giineyinde Toros Daglari kusaginin batisinda Goller yoresi olarak adlan-
dirllan bolgede yer alan pek ¢ok tiire ev sahipligi yapan dnemli sulak alanlarindan biridir. Burdur
Goli kapsaminda yiritilen birgok calismada gol aynasinin son yillarda hizh bir daralma egilimi ice-
risinde oldugu ifade edilmektedir. Bu galismanin amaci Burdur Géli su ylizey alanindaki mekansal
degisimleri (1986-2022) ortaya koymak ve Burdur Goli Havzasinda uzun yillik iklim kayitlarindaki
(1940-2021) egilimlerin mevcut kayitlar Gzerinden incelenerek gol aynasinin gelecekteki durumu
hakkinda tahminler ylriutmektir. Bu amagla iklim parametrelerindeki tahminler Mann-Kendall Egi-
lim testi ile iklim parametrelerinin 10 yillik tahmini degerleri SARIMA ydnteminden yararlanilarak
gerceklestirilmistir. Burdur Golu kiyr degisimleri ve bu degisimlere yonelik tahmin uygulamalari da
DSAS araci ile gergeklestirilmistir. Burdur Goli’ne en yakin meteoroloji istasyona ait aylik ve yillk
veriler incelendiginde yillik ve aylik yagis miktarinda istatistiksel olarak anlamli egilimler belirlen-
memistir. Diger yandan aylik ve yillik maksimum sicaklik verilerinde anlamli artis egilimi test edil-
mistir. iklim parametreleri kapsaminda SARIMA yéntemi ile yapilan tahminlerde aylik maksimum
ve aylik ortalama sicakliklarda 10 yil ileride yaklasik 1 CO’lik artis olacagi 6ngorilmdstir. Burdur
Golu kiyi gizgisi degisimleri ile yapilan analizlere gore su ylizey alanindaki daralmanin 10 yil sonra
bugiinkii ayna alaninin 17 km2 daha daralacagi tahmin edilmektedir. Bu calismada gé! yiizeyindeki
daralmanin devam edecegi ve iklim degisikliginin bir geri besleme mekanizmasi olusturarak bu
degisimi hizlandiracagi ¢cikarimina variimistir.

Burdur Lake is one of the important wetlands biotope located in the region called the Géller
region in the south of Turkey. In many studies carried out within the scope of Burdur Lake, it
is stated that the lake mirror had been in a rapid contraction trend in recent years. The aim
of this study is to reveal the spatial changes in the Burdur Lake water surface area (1986-
2022) and to make predictions about the future state of the lake mirror by using some climate
parameters and also examining the trends in the long-year climate records in the Burdur Lake
Basin. The estimations in climate parameters were made using Mann-Kendall Trend test and
10-year prediction values of climate parameters estimated by SARIMA method. The coastal
changes of Burdur Lake were carried out with the DSAS tool. A statistically significant trend
wasn’t determined in the monthly and annual precipitation data at the Burdur Lake station.
On the other hand, a significant increase trend in monthly and annual maximum temperatures
was tested. In the predictions made with the SARIMA method, an increase of 1 degree was
determined in the monthly and annual maximum temperatures. According to the estimates
here, it is predicted that Burdur Lake will narrow by 17 km? in 10 years. In this study, it was
concluded that the shrinkage of the lake surface will continue and climate change will accelerate
this change by creating a feedback mechanism.
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Extended Abstract
Introduction

In recent years, it is known that there are negative (decrea-
sing) movements on the shoreline of many lakes in this re-
gion, which is called the “Lake Region” in the southwestern
part of Turkey and shows the characteristics of a closed basin,
that is, there are narrowings on the water surfaces of the la-
kes. The changes in climate and environmental conditions can
cause shoreline movements in lake systems. The shrinkage
in the water surface of Lake Burdur has reached significant
dimensions in the last 20 years. Although the decline in the
lake shoreline in the Burdur Lake basin is caused by changes
in temperature, precipitation, drought events and agricultural
production-related water use, it is known that the extinction
process of the lake is especially due to climate change. It is ext-
remely important for the sustainability of the water present
in the environment to make predictions about the relations-
hip of these processes with the climate as well as the spatial
processes in explaining the climate change and the shrinkage
process in the lake mirror. The aim of this study is to reveal
the spatial changes (1986-2022) in the water surface area of
Burdur Lake (shoreline) and to make predictions about some
climate parameters and the future state of the lake mirror by
using the trends in the long-year climate records (1940-2021)
in the Burdur Lake Basin.

Data and Method

In this context, the Mann-Kendall Trend test was used to de-
termine the trends in climate data, the future predictions in
climate data were made with the SARIMA method and the
changes in the coastline were carried out with the Geographic
Information Systems Based DSAS tool.

Results and Discussion

In this study, it was not tested that there is no statistically sig-
nificant trend in the annual changes of the climate parameters
kept in Burdur Meteorology Observation Station, monthly to-
tal precipitation, monthly average temperature and monthly
minimum temperature values. On the other hand, statistically
significant positive trends were determined at the 95% confi-
dence interval at monthly maximum temperatures. Significant
results were obtained from the seasonal and non-seasonal
statistical approaches of the SARIMA method, the moving
average and autoregressive coefficients, and the predictions
made on the monthly and annual total precipitation (2,1,0)
(0,2,12) model. According to these results, it is predicted that
the precipitation will be close to 0 mm in the summer months
and around 70 mm in the winter months. Looking at the an-
nual total precipitation forecasts, which is another indicator of
precipitation, it is seen that the annual total precipitation will
be between 350 mm and 400 mm for the next 10 years, and
these estimates are similar to the current average annual pre-
cipitation. According to the results obtained in this study, with
the results obtained from the long-term data, it was determi-
ned that the decreasing trend of the lake surface area stopped
and increased slightly in 2003 and 2015. Spatial estimations
were made with the help of DSAS, taking into account the-
se 36-year changes in Burdur Lake. According to the findings
here, there was a regression of more than 2251 meters in %
of the lake shoreline. Half of the lake shoreline has regressed

by at least 550 and at most 2025 meters. According to the
Linear Regression Ratio determined on the shore, the highest
rate of change in the shoreline between the years mentioned
in Burdur Lake occurred from the northeastern shore of the
lake with 410% and the least change was 0.93% in the high
mass near Karakent. These estimates show that the Burdur
Lake mirror will be 102 km? in 10 years. However, when the
precipitation data are examined in this context, extreme preci-
pitation occurred in 2003 and 2015, and with these precipita-
tions, the decrease in agricultural water consumption and the
increase in the water coming into the lake, the decrease in the
lake level stopped and an increase in the level was observed.
This shows that the changes in Burdur Lake mirror are related
to precipitation. On the other hand, although the decreasing
trend in the Burdur Lake mirror is related to the climate, it
is clearly understood that this contraction process increases
with anthropogenic processes. The lake sediments, which lost
their capillarity on the shore of Burdur Lake and were puri-
fied from the water within, prepared the environment for se-
vere dust storms by the wind. It is inevitable that these dust
movements, which occur as a result of the level drops in the
lake, have negative consequences on the city and people. This
situation, confronts us with very different problems in diffe-
rent examples in the world (Aral Sea, etc.), and the subject of
human relations is the title of a separate study topic in itself.

1. Giris

Buharlasma ve sizma olayi ile dengelenen yiizey sularinin
topografik engelleri asamayarak karalarla gevrili bir depola-
ma alaninda biriktigi ve genellikle bir gél olusturdugu kapall
havzalarin ¢ogu kurak ve yari-kurak bolgelerde yer almakta-
dir (Wang vd., 2018). Dlinya yizey sularinin énemli bir kismini
olusturan bu goller, biyogesitliligi ve klltirel mirasi destekle-
yen ekosistemin temel 6gelerinden biridir (Tulan Isildar & Yal-
ciner Coskun, 2021). Bu goller; su kaynaklarinin asiri kullanimi,
hizli nifus artisi ve iklim degisikligi gibi etkenler tipki Aral Goli
(Klein vd., 2014), Urmiye Go6lu (Tourian vd., 2015) ve Cad Go6-
|i’'nde (Alfa vd., 2008) oldugu gibi yok olma tehlikesi ile karsi
karsiyadir (Li vd., 2018). Bilim diinyasi bu gollerin yok olma
siirecinin izlenmesinde su seviyeleri degisimleri ve kiyi gizgisi
hareketleri gibi cesitli stirecleri takip ederek ortamdaki gelis-
meleri takip etmektedir.

Dinyanin bir¢ok yerinde oldugu gibi Turkiye’de goéllerin su se-
viyelerini konu alan bircok calisma bulunmaktadir. 1959-2002
yilari arasinda Turkiye’nin 25 onemli géliinde su seviyesinin
incelendigi bir calismada harmonik analizlerden yararlanilarak
5 6nemli gbllin (Golhisar (Burdur), Eber-Aksehir (Afyonkarahi-
sar), Timras ve Konya Obrugu golleri (Konya) su seviyelerinde
azalma egilimleri oldugu belirlenmistir (Cengiz & Kahya, 2011).
Turkiye’nin 6nemli tath su gollerinden Egirdir Goli ile ilgili bir
calismada 1986-2016 yillari arasinda gol seviyesinde istatistik-
sel olarak anlamli azalis belirlenemezken (Keskin vd., 2017),
daha uzun yil araliginin (1943-2005) kullanildigi bir diger c¢a-
lismada Burdur, Egirdir, Sapanca ve Tuz géllerinin su seviyele-
rinde istatistiksel olarak anlaml azalis tespit edilmistir (Gonci
vd., 2017). Géllerin su seviyeleri ile ilgili istatistiksel calismalar
genellikle veri serilerinin egilimlerin belirlenmesi ve tahminler
yuratilmesine odaklanirken Uzaktan Algilama (UA) teknoloji-
lerin gelismesiyle birlikte uydu gorintulerinden yararlanilarak



Alevkayali vd. / Tiirk Cografya Dergisi 82 (2023) 37-50 39

gollerin su yizey alanlarindaki degisimler yiuksek dogrulukta
belirlenebilmektedir (Firatli vd., 2022).

Gol su ylizey alaninin ve kiyi ¢izgisi hareketinin belirlenmesin-
de uydu gorintulerinin spektral bandlar yardimi ile uygulanan
Normallestirilmis Fark Su indeksi (NFSi) ve Modifiye Normal-
lestirilmis Fark Su indeksi (MNFSI) en bilinen yéntemlerdendir
(KGguk & Sarp, 2021). Kiyi gizgisi, meteorolojik olaylara gore
degisebilen kara ile denizi (su kiitlesini) birbirinden ayiran,
sabit olmayan sinirdir (Ering, 2012). Gollerdeki kiyi gizgisi de-
gisimi, negatif veya pozitif su bilangosu nedeniyle su yuzeyin-
deki yukselmelerle gol aynasinin kara yoninde ilerlemesi ve
su seviyesinin geriledigi durumlarda su ylzeyinin daralmasi
seklinde gergeklesmektedir (Turoglu, 2017). Bu durum uydu
goruntilerinde yararlanilarak elde edilen farkl yillara ait kiyi
cizgileri Turkge karsihg “Dijital Kiy1 Cizgisi Analiz Sistemi” olan
DSAS (Digital Shorline Analysis System) araci yardimi ile Cog-
rafi Bilgi Sistemleri (CBS) yaklasimlariyla mekansal diizeyde
analiz edilmektedir (Baig vd., 2020; Yue & Liu, 2019). Aksehir
Golunde bu yontemle yapilan bir ¢alismada gol yiizey alaninin
merkeze dogru daralma gosterdigi belirlenmis ve bu goldeki
en onemli degisimin kuzeybati ile kuzeydogu yonli oldugu
ortaya konulmustur (Kale, 2018a). Bu yontem yardimi ile kiyi
cizgisindeki degisimlerin mekansal egilimleri belirlenmesi-
nin yaninda 10 ile 20 yillik tahminler de yiratilebilmektedir
(Himmelson vd., 2018). Boylece bu yéntemler yardimi ile gol
ve sulak alanlarindaki su ylzeyi degisimleri mekansal diizeyde
incelenebilmektedir.

Son yillarda Tirkiye'nin giineybatisinda “Goller Yoresi” olarak
adlandirilan ve kapali havza 6zelligi gdsteren bu yorede birgok
golde kiyi gizgisinde negatif yonli (azalan) hareketlerin oldugu
yani gollerin su ylzeylerinde daralmalar meydana geldigi bilin-
mektedir (Altan Aydin & Dogu, 2018; Bahadir, 2013; Dénmez,
2018; Narin & Abdikan, 2022). Goller Yoresi’ndeki gollerden
Salda (Dereli & Tercan, 2020), Burdur (Sarp & Ozcelik, 2017),
Egirdir (Aslan & Kog San, 2021), Acigél (Sabuncu, 2020), Kara-
tas (Narin & Abdikan, 2022) ve Yarisli (Aksoy vd., 2019) gol-
lerinin su ylzey alanlarinin daraldigi yani gol kiyi gizgilerinde
gerilemeler oldugu tespit edilmistir. Goller Yoresi’nin alan ba-
kimindan en biylk gollerinden biri olan Burdur Go6li Ramsar
Sozlesmesi ile Yaban Hayati Gelistirme Sahasi statlisiinde de
olmasina karsin su ylzey alaninda buyik cekilmelerin olma-
sindan dolayi olduke¢a dikkat ¢ekicidir (Ataol, 2010). Burdur
GoOlU’'nln su ylzeyindeki daralmalarin son 20 yilda 6nemli
boyutlara ulagtigini ortaya konuldugu birgok ¢alisma bulun-
maktadir (Sarp & Ozgelik 2017; Sener, 2016; Yildirim & Uysal,
2012). Son donemde uygulanan ¢alismalarda Burdur gél ayna-
sinin kapladigr alanin 1984-2019 yillari arasinda 206,6 km?den
125,5 km?%ye geriledigi belirlenerek bu degisimin sadece ta-
ban suyundan gekilerek yapilan sulamadan kaynaklanmadigi
bu durumun sicakliklarin artisi ile de iliskili oldugu ifade edil-
mektedir (Abujayyab vd., 2021). Burdur Golu su ylzeyindeki
bu degisimleri uzun yillik bazi meteorolojik olaylarla iliskili
farkl yontemlerle test edilmistir (Davraz vd., 2019; Albargouni
vd., 2022). Burdur Golu havzasinda gol kiyi gizgisindeki gerile-
me hareketine sicaklik, yagis, kurakhk olaylarindaki degisim ve
tarimsal tretim kaynakl su kullanimlari neden olsa da mevcut
iklim modelleri goliin yok olma siirecinin dzellikle iklim degisik-
ligi nedeniyle hizlandigi ileri suriilmektedir (Colak vd., 2022).
iklim ve cevresel kosullardaki bu degisimler gél sistemlerinde
kiyi cizgisi hareketlerine neden olabilmektedir. iklim degisikligi

ve gol aynasindaki daralma siirecinin agiklanmasinda mekan-
sal stirecler kadar bu siireclerin iklimle olan iliskilerine yonelik
tahminler yapilmasi ortamdaki su varhiginin strdardlebilirligi
acisindan son derece 6nemlidir.

Giiniimiizde diinyadaki iklim ve su sistemlerine ydnelik tah-
minler, su rezervlerini korumak ve su kaynaklarinin gelecek-
teki varligi hakkindaki belirsizlikleri azaltmak igin yapiimak-
tadir (Mahmood vd., 2019). Kiresel Isinma kavramini teorik
soylemlerinin kanitlarla desteklemek adina bircok akademik
calisma Kiiresel iklim Degisikliginin su kaynaklari {izerinde-
ki etkileri tahmin etmeye odaklanmistir (McBean & Motiee,
2008). Benzer amaglarla Tirkiye’de Van Goli (Kuzay & Tonmu,
2020), Egirdir (Tagil & Alevkayali, 2014) ve Tuz Golu (Akin,
2019) gibi 6nemli kapal havzalarda yer alan gollerde cesitli
iklim parametrelerindeki egilimler test edilmistir. Bahsi gecen
calismalarda gol seviyesi verilende ve iklim verileri seklinde-
ki zaman serileri Mann-Kendall egilim testinden yani istatis-
tiksel yaklasimlardan yararlanilarak gerceklestirilmistir. Su ile
ilgili arz-talep dengesinin saglanmasinda gelecege yonelik
kestirimler ise iklim parametrelerine ait veri serileri lizerinden
cesitli yontemlerle yapilmaktadir. Bu konuda dogrusal egilim
testi gibi deterministik yaklasimlar (Kale, 2018b), otoregresif
hareketli ortalamalar (autoregressive integrated moving ave-
rage-ARIMA) ve sezonluk otoregresif hareketli ortalamalar
(seosonal autoregressive integrated moving average SARIMA)
modelleri olarak adlandirilan stokastik strecler (Topguoglu
vd., 2005) ve yapay sinir aglari (Yildiran & Kandemir, 2018) gibi
farkh yaklasimlarla uygulamalar gerceklestiriimektedir. SARI-
MA, istatistiksek sezon varsayimina dayali otomatik gerileyen
tumlesik hareketli ortalama seklinde acilima sahip bu yontem
zaman serilerinin mevcut degerlerini dikkate alarak iklim ve
bircok amag icin tahminler yliriitmeye yarayan duragan olma-
yan dogrusal stokastik bir modelleme yontemidir (Aksoy &
Salman, 2020). Bu sinirdaki degisimlerin belirlenmesi ve kiyi
cizgisi hareketlerinin yorumlanmasi iklim ve kiyi ¢izgisi hare-
ketlerinin agiklanmasi agisindan 6nem tagmaktadir. Kiyi gizgisi
hareketleri, Cografi Bilgi Sistemleri (CBS) araciligiyla vektor ke-
sitlerden yararlanilarak Kiyi Cizgisi Sayisal Degisim Analizi (Di-
gital Shorline Analysis Systems) ile belirli bir zaman araliginda
degisim yonu istatistiksel olarak belirlenebilmektedir (Turoglu
& Duran, 2021). Bu ¢alismanin amaci ¢ok sayida ¢calismanin ya-
pildigi Burdur Goli su yizey alanindaki (kiyi gizgisi) mekansal
degisimleri (1986-2022) ortaya koymak ve Burdur Goli Hav-
zasinda uzun yillik iklim kayitlarindaki (1940-2021) egilimler-
den yararlanilarak bazi iklim parametreleri ve gol aynasinin
gelecekteki durumu hakkinda tahminler ylritmektir. Boylece
Goller Yoresinde yok olma egilimindeki kapali havza géllerine
onemli bir 6rnek olusturan Burdur Go6li aynasindaki degisim-
ler ve iklim parametrelerine ait veri serilerinin zamansal ve
mekansal egilimleri belirlenerek calismanin son boéliminde
iklim parametrelerinde ve Budur Go6l aynasina yonelik 10 yillik
tahminler yapilmistir. Daha sonra bu sonuglardan yararlanila-
rak bolgenin iklim ve gol aynasindaki degisimlerin arazi bozu-
lumuna olan etkisi degerlendirilmistir.

2. Malzeme ve Yontem
2.1. Calisma Alani

Bu caligma Turkiye’'nin 6nemli sulak alanlarindan olan Goller
Bolgesinin igerisindeki en blyuk goéllerden biri olan Burdur
Goli’'nlin gol yuzey alaninda gergeklestirilistir (Sekil 1). Burdur
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Golinln yakin gevresine gore bir grabenin icerisinde kapali
havza olarak bulunmasi ile iklim parametrelerinden ve ant-
ropojenik etkenlerden sirekli etkilenerek kuruma sirecine
girmesi gelecekteki durumuna iliskin meraklari artirmaya yo-
nelik tahminleri de beraberinde getirmektedir. Calisma alani
37°33’28.33” N - 37°54’40.78” N enlemleri ile 29°56’46.77" E
-30°24’57.14” E boylamlari arasinda yer almaktadir.

Calisma alaninda degisik boyutlarda ¢ok sayida akarsu olmakla
birlikte bu alanin en 6nemli akarsulari batida Eren gayi, gliney-
den Blgdiz, Asar ve Degirmen dereleri, dogudan Kegiborlu
cevresinden katilan Eskicay, Ulu ve Yagarcik dereleri ile kuzey-
batidan goéle ulasan Ulupinar deresi sularini Burdur Goli’ne
ulagstiran 6nemli hidrografik unsurlar olarak goérulmektedir
(Atayeter vd., 2022).

Calisma sahasini gogunlukla Jura Triyas yash birimlerden mey-
dana gelmektedir. Ancak 6zellikle Burdur Goll ve gevresi etra-
findaki akarsular tarafindan tasinan siltasyon ve sedimanlarin
g6l tabaninda birikmesi ile yasl eski ve yeni allivyonlarin yani
sira Pliyosen yasl kumtaslari ve ¢akiltaslarininda alanda olduk-
¢a genis alan kapladigi gériilmektedir (MTA, Atayeter & Tok-
go6zIl, 2014; Atayeter vd., 2022).

Onceki bélimde de bahsedildigi gibi Burdur Géli kuzey ve gii-
neyinde aktif faylarla kontrol edilen tektonik bir grabenin iceri-
sinde gelisim gostermektedir. G6l zaman igerisinde transgresif
ve regresif siireclerle depolarini istiflemis ve yerel kaide se-
viyesi olusturmasi bakimindan Burdur Goli’'ne dogru topog-
rafyayl sekillendirmistir. Burdur GolU ¢evresindeki akarsular

lari ve yer yer gol kiyisinda deltalar meydana getirmistir (Ata-
yeter & Tokgozlli, 2014; Atayeter vd.,2022). Calisma alanindaki
topraklarin biyik cogunlugunu Kestane rengi topraklar ve
kahverengi orman topraklari olusturmaktadir. Bu topraklarin
yaninda yer yer allivyal, koltvyal, hidromorfik, organik top-
raklar ve Kirmizi Akdeniz topraklari da yer almaktadir (Atalay,
2007; Atayeter & Tokgozll, 2014). Calisma alanin zengin bir
vejetasyona sahip oldugu gorilmektedir. Yikselti degerlerine
gore farkhlik gostermekle birlikte genel olarak Akdeniz florasi-
na ait tdrler bitki ortisiini olusturmaktadir. Gelisim sartlarinin
uygun oldugu alanlarda maki, cali ve step tirleri (Sungur,1978)
yer almakla birlikte Ardi¢ (Juniperus), Mese (Quercus), Fistik
Cami (Pinus pinea), Karagcam (Pinus nigra), Kizilgam (Pinus bri-
tua), Sedir (Cedrus libani), Kermes Mesesi (Qercud coccifera)
gibi agac turleri yer almaktadir (Atayeter & Tokgo6zIU, 2014).

2.2. Mann- Kendall Egilim Testi

Bir bolgedeki iklim degisikliginin belirlenmesinde en fazla kul-
lanilan iklim elemanlari sicaklik ve yagistir. Bu iklim elemanla-
ri zamana ve mekana bagh olarak sirekli degisim halindedir.
Sicakhk ve yagisin aylik ve yillik veri setlerindeki 6nemli artis
ve azalslarinin tespit edilmesinde pek ¢ok ¢alismada paramet-
rik olmayan Mann-Kendall yontemi kullanilmistir (Karabulut,
2012; Tagil & Alevkayali, 2014; Gocic & Trajkovic, 2013; Kizi-
lelma vd., 2015; Topuz vd., 2016; Polat & Sunkar, 2017; Topuz
vd., 2018; Alahacoon vd., 2018; Topuz vd., 2021). Bu test ile
bir zaman serisinde egilim olup olmadig Formil 1’deki stireci
kullanarak gerceklestirilir (Wang vd. 2020):

asindirdiklari malzemeyi kademeler halinde Burdur Goli ¢ev- S =N Mg Sign(xj_x; @
resinde eski ve yeni allivyonlar olarak istifleyerek birikinti ova-
v
ACI
BURDUR
«  Burdur lige Merkezleri Burdur Golii Havzasi
Yukseklik

Havza Sinin . En yiksek: 5137

1 af 0o 5 10 20 30 40

J Goiler En disik : 0 _—_ m

Sekil 1. GCalisma alanina ait lokasyon haritasi.
Figure 1. Location map of the study area.
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Bu formilde n veri sayisini, x ise i ve j (j>i) zamanlarindaki ve-
riyi temsil eder. Bu yontemin isaret fonksiyonu formal 2’deki
gibi uygulanir:

+1 Eger (xj — xi) > 0

sign=(xj —xi)=¢ 0 Eger (xj — xi) = 0 ?2)
—1Eger (xj — xi) < 0

S’nin varyansi asagida gosterildigi sekilde hesaplanir.
Var(S)=[n(n— 1)2n +5) = ¥ ti i(i — 1)(2i + 5) m i=1 18] 3)

Burada, n veri setindeki tekrar gdzlem sayilari, ti degeri i uzun-
lugundaki bir seride tekrarlanan gozlemleri yani Z istatistigini
gostermektedir (Formil 4). Z test istatistigi n>10 icin asagidaki
gibi hesaplanir:
{(s — 1) /NVar(S) Eger S > 0
z= 0EgerS =0 “)
(S + 1)/VVar(S) Eger S < 0

Mann-Kendall istatistik testi, Kendall'in Tau olarak bilinen
testinin 6zel bir uygulamasidir (Kalaycr & Kahya, 1998). Para-
metrik olmayan verilerin belirli bir dagilima uymasi gerekmez
ayrica veri eksikligi durumunda da kullanislidir (Hirsch & Slack,
1984; Yu vd., 1993; Kalayci & Kahya, 1998). Bu yontem verile-
rin buyukliginden cok buyklik siralari ile ilgilenir (Kalaycl &
Kahya 1998). Degerlerin pozitif olmasi artan yonde trendi; ne-
gatif olmasi azalan yonde trendi gosterirken, sonucun nétr ol-
masi orada herhangi bir trend olmadigi anlamina gelmektedir
(Tagil & Alevkayali, 2014). HO= “zaman serisinde egilim yok”
hipotezi ile dagilisin bagimsiz oldugu seklinde test edilmekte-
dir. Bu hipotezin alternatif hipotezi ise H1: “zaman serisinde
tekdiize egilim var” seklinde ifade edilmektedir.

2.3. ARIMA-SARIMA

Box-Jenkins modeli olarak da bilinen ARIMA tek degiskenli za-
man serilerinin ileriye doniik tahmininde kullanilan istatistik-
sel 6ngorl yontemlerinden biridir (Kaynar ve Tastan, 2009).
Bu modelde calismada kullanilacak olan zaman serilerinde du-
raganhk esas alinmaktadir. Ancak zaman serilerinin ¢ogunlu-
gunda zaman slresince degisimler meydana gelmesi sebebiy-
le duraganhk s6z konusu degildir. Duragan ozellikte olmayan
seriler fark alma yontemi ile duragan hale getirilmesi ARIMA
modelleri ya da “Duragan Olmayan Dogrusal Stokastik Mo-
deller” olarak adlandirilan modeller ile gerceklestirilmektedir.
Duragan hale getirilmis serilerin kullanilmasi daha dogru so-
nuclara ulasilmasini saglamaktadir (Box & Jenkins, 1970; Ba-
hadir & Saracli, 2010).

AR (Otoregresif), MA (Hareketli Ortalama) ve ARMA (Otoreg-
resif-Hareketli Ortalama) modelleri duragan olmayan sirecler
icin uygulanirken ARIMA (otoregresif-hareketli ortalama) mo-
deli ise duragan hale gelen sireclere uygulanmaktadir (Kale,
vd., 2016).

Mevsimsel ARIMA modeli (SARIMA), ARIMA modellerine mev-
simsel terimler eklenerek olusturulur. SARIMA modelinde ( p,
d, q) (P, D, Q) p mevsimsel olmayan bir otoregresif diizendir,
P mevsimsel bir otoregresif diizendir, ¢ mevsimsel olmayan bir
hareketli ortalama diizendir, Q mevsimsel bir otoregresif di-
zendir, d ve D ortak farkin ve mevsimsel farkin sirasidir (Pepple
& Harrison 2017; Divisekara, vd., 2021 ).

2.4, GOrlinth Oranlama Teknigi ve Kiyi Cizgisi Cikarimi

Glnilmiuzde gelismis ve gelismeye devam eden uydu sistemle-
ri dinyayi kiresel olarak algilayabilmektedir. Bu durum uzak-
tan algilama ile yeryiizeyindeki degisimlerin belirlenebilmesini
kolaylastirmaktadir (Jensen, 2009). Uydu sistemleri araciligiyla
temin edilen bir gorilintliyl olusturan her bir bant fakli spektral
araligi temsil etmektedir (Mutlu vd., 2020). Gorintlyl olus-
turan bu bantlar, tek bantta farkl gri tonlarinda veya (¢ ayri
bantta renkli halde bulunmalarinin yani sira farkli renk kombi-
nasyonlarinda da bulunabilmektedirler. Oranlama, goriintiy
olusturan bir bandin sahip oldugu spektral araligi temsil eden
yansima degerlerinin yani piksellerin diger banttakine béliin-
mesi sonucu elde edilmektedir (Sabins, 1997; Basibiyik vd.,
2014). Oranlanacak olan bantlarin segimi uydu goérintisiine
ve calisma alanina gore farkhliklar gostermektedir. Gorinti-
lerin oranlanmasi ile alakali genel kabul gormis bir belirleme
olmadig! i¢in arastirmacilar literatiirdeki ¢alismalardan veya
deneme yanilma yolu ile en iyi sonuca ulastiklari bantlardan
yararlanabilmektedirler (Kog vd., 2006).

Calismada Burdur Goli ylzey alanindaki degisimler 1986-2022
yillari arasinda kaydedilen Landsat 5 TM ve Landsat 8 OLI uydu
gorlntlleri ile incelenmistir (Tablo 1). Burdur golu kiyi gizgisi
degisimlerinin belirlenmesinde gorintli oranlama teknikleri
kullanilmigtir. Oran gorintilerinin elde edilmesinde NDWI ve
MNDWI analizleri uygulanmistir. Bu iki ydntem birgok ¢alisma-
da su ylzeyi ile kara ylzeyinin ayirt edilmesinde kullaniimak-
tadir (Kuleli vd., 2011; Sarp & Ozcelik, 2017). Bu analizlerde
kiyr gizgisi ¢ikarimi ¢ok kolay olmadigindan farklh bant kombi-
nasyonlari kullanilmistir. NDWI analizinde Landsat 5 TM uydu
gorintusiine ait 2. ve 4. bantlar, Landsat 8 OLI uydu gorinti-
sune ait 3. ve 5. bantlar kullanilirken MNDW!I analizinde ise
Landsat 5 TM uydu gorintiisiine ait 2. ve 5. bantlar, Landsat
8 OLI uydu gorintiistine ait 3. ve 6. bantlar kullanilmigtir. Kiy
gizgilerinin gikarilmasi siirecinde su ve kara ylizeyinin daha net
ayirt edilmesi igin yaz goriintilerine basvurulmustur (Tablo 1).

2.5. DSAS (Digital Shoreline Analysis System)

Calismada Burdur Goli kiyr degisiminin belirlenebilmesi icin
1986 ve 2022 yillarina ait Landsat 5 TM ve Landsat 8 OLI uydu
gorantdleri kullaniimistir (Dwyer vd., 2018). Landsat uydu
gorintusa verileri, kara ve deniz ylzeyi jeofizik 6zelliklerini
gozlemlemek, 6lgmek ve bunlari ayirt etmek icin sinoptik ve
tekrarlayan veri kapsamina, spektral ¢oziintrlik yeteneklerine
sahiptir (Baig, vd, 2020). Bu nedenle Landsat uydu goriinti-
leri 1970’lerden beri kiyi bolgesi yonetimi ile ilgili calismalar
icin degerli oldugu kanitlanmistir (Moore 2000; Woodcock, vd,
2008; Mishra, vd, 2019; Baig, vd, 2020).

Kiyr degisim analizlerinin gerceklestirilmesinde kullanilan Di-
jital Kiyr Seridi Analiz Sistemi (DSAS), ESRI ArcGIS yaziliminin
normal islevselligini artiran ve kullanicilarin birden fazla kiyi
seridi konumundan olusan bir zaman serisinden kiyi seridi
degisim orani istatistiklerini hesaplamasina olanak taniyan bir
uzantidir. Buradaki uzanti, tarihsel kiyi seridi degisikligi ana-
lizine yardimci olmak icin tasarlanmistir (Himmelstoss, vd.,
2021). Ayrica DSAS, kronolojik hava fotograflarindaki buzul
sinirlarinin degisimini veya arazi kullanimi/arazi 6rtisi de-
gisikliklerini degerlendirmek i¢in de uygun bir analiz aracidir
(Thieler, vd., 2009; Baig, vd., 2020) .
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Tablo 1. Kiyi gizgisi ¢cikartma islemleri igin kullanilan uydu gorintuleri (Kaynak: Dwyer vd., 2018)

Table 1. Satellite images used for shoreline extraction

Uydu Gorintd Tarihi Gorinti ID Bulutluluk Orani
22.07.1986 LTO5_L1TP_178034_19860722_20200918_02_T1 0.00
01.08.1987 LTO5_L1TP_179034_19870801_20201014_02_T1 0.00
12.08.1988 LTO5_L1TP_178034_19880812_20211118 02_T1 0.00
28.06.1989 LTO5_L1TP_178034_19890628_20200916_02_T1 2.00
08.07.1990 LTO5_L2SP_179034_19900708_20200915_02_T1 0.00
05.08.1991 LTO5_L2SP_178034_19910805_20200915_02_T1 1.00
30.08.1992 LTO5_L2SP_179034_19920830_20200914_02_T1 0.00
26.08.1993 LTO5_L2SP_178034_19930826_20200913_02_T1 0.00
20.08.1994 LTO5_L2SP_179034_19940820_20201008_02_T1 0.00
31.07.1995 LTO5_L2SP_178034_19950731_20211122_02_T1 0.00
02.08.1996 LTO5_L2SP_178034_19960802_20200911_02_T1 0.00
E 20.07.1997 LTO5_L2SP_178034_19970720_20200910_02_T1 0.00
E 24.08.1998 LTO5_L2SP_178034_19980824_20200908_02_T1 0.00
a 11.08.1999 LTO5_L2SP_178034_19990811_20211205_02_T1 0.00
% 28.07.2000 LTO5_L2SP_178034_20000728_20200906_02_T1 0.00
31.07.2001 LTO5_L2SP_178034_20010731_20200905_02_T1 0.00
18.07.2002 LTO5_L2SP_178034_20020718_20200905_02_T1 0.00
05.07.2003 LTO5_L2SP_178034_20030705_20200905_02_T1 0.00
23.07.2004 LTO5_L1TP_178034_20040723_20200903_02_T1 0.00
24.06.2005 LTO5_L1TP_178034_20050624_20200902_02_T1 0.00
30.08.2006 LTO5_L1TP_178034_20060830_20200831_02_T1 1.00
18.09.2007 LTO5_L1TP_178034_20070918_20200830_02_T1 0.00
18.07.2008 LTO5_L2SP_178034_20080718_20200829_02_T1 0.00
19.06.2009 LTO5_L1TP_178034_20090619_20200827_02_T1 1.00
25.08.2010 LTO5_L1TP_178034_20100825_20200823_02_T1 0.00
27.07.2011 LTO5_L1TP_178034_20110727_20200822_02_T1 0.00
02.09.2013 LCO8_L1TP_178034_20130902_20200912_02_T1 5.55
10.07.2014 LCO8_L1TP_179034_20140710_20200911_02_T1 0.04
9 30.08.2015 LCO8_L1TP_179034_20150830_20200908_02_T1 0.10
= 22.06.2016 LCO8_L1TP_178034_20160622_20200906_02_T1 2.02
g 11.07.2017 LCO8_L1TP_178034_20170711_20200903_02_T1 0.87
E 15.08.2018 LCO8_L1TP_178034_20180815_20200831_02_T1 0.04
2 08.07.2019 LCO8_L1TP_179034_20190708_20200827_02_T1 0.04
3 23.05.2020 LCO8_L1TP_179034_20200523_20200820_02_T1 0.27
29.07.2021 LCO8_L1TP_179034_20210729_20210804_02_T1 0.02
11.09.2022 LCO8_L1TP_178034_20220911_20220921_02_T1 0.06
%2012 yilina ait Landsat verisi bulunmamaktadir.

Calismada kiyi seridi degisim analizi, United State Geological
Survey (USGS) tarafindan gelistirilen bir ArcGIS yazilimi araci
olan DSAS’in 5.1 slrimi kullanilarak olusturulmustur (Him-
melstoss, vd., 2021). DSAS’ta istatiksel bir teknik olan Son
Nokta Orani (SNO) kullaniimistir. SNO, kiyi seridi hareketinin
mesafesinin ilk ve en son 6lglimler arasinda gegen siireye bo-
linmesiyle hesaplanmaktadir (Biag, vd., 2020).

2.6. Veri

Bu calismada Tiirkiye Devlet Meteoroloji isleri Genel Miidiir-
[Ggu’'nden (MGM) temin edilen Burdur, Tefenni ve Kegiborlu
meteoroloji istasyonlarina ait ortalama, minimum, maksi-
mum sicaklik ve toplam yagis verileri kullaniimistir (Tablo 2).

istasyonlara ait uzun yillar sicaklik ve yagis verileri kullanilarak
Burdur Havzasi’'nin iklim degisimine dair istatistiksel bir model
olusturulmustur.

Tablo 2. Arastirma alaninda kullanilan meteoroloji istasyonlari, istasyonlarin
rakim ve iklim verilerinin aralk tarihleri.

Table 2. Meteorology stations used in the research area, the dates of the alti-
tude and climate data of the stations.

Meteoroloji istasyonu Rakim (m.) Veri Araligi
Burdur 960 1940-2021
Tefenni 1152 1964-2021

Kegiborlu 1032 2014-2020

Kaynak: Meteoroloji Genel MidurlGgl, Ankara.
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3. Bulgular

Calisma alaninda iklim parametrelerindeki degisimlerin agik-
lanmasinda uzun yillar iklim verilerinin kayit edildigi, Burdur
Goli’'ne en yakin meteoroloji 6lgiim istasyonlarinin verileri
kullaniimistir. Calismada Burdur, Tefenni ve Kegiborlu istasyon-
larina ait uzun yillar ayhk toplam yagis, aylk ortalama sicaklik,
ayhk maksimum sicakhk ve aylik minimum sicaklik kayitlari in-
celenmistir. Bu istasyonlar iklim parametrelerindeki degisimle-
rin karsilastirilmasi anlaminda da oldukga 6nemlidir.

Calismada belirtilen istasyonlardaki aylik sicaklik (ortalama,
minimum ve maksimum) ve yagisin, aylik ve yillik veri setlerin-
deki 6nemli artis ve azalislarinin tespit edilmesinde paramet-
rik olamayan Mann-Kendall istatistik testi kullanilmistir. Bu
arastirmada Burdur Meteoroloji Gézlem istasyonunda tutulan
iklim parametrelerinin yillik degisimlerin aylik toplam yagis,
aylik ortalama sicaklik ve aylik minimum sicaklik degerlerinde
istatistiksel olarak anlamli bir egilim olmadigi test edilmemistir
(Tablo 3). Bu degerler Burdur Goli’ne ¢ok yakin konumda olan
meteoroloji gbzlem istasyonunda kaydedilen verilere gore ay-
lik yagis miktarinda 6nemli bir artis veya azalis egilimi olmadigi
hesaplanmistir. Diger yandan aylik maksimum sicakliklarda %95
gliven araliginda istatistiksel olarak anlamli pozitif yonli egilim-
ler belirlenmistir (Tablo 3). iklim parametrelerindeki istatistiksel
egilimler sadece Burdur goli istasyonunda degil yakin ¢cevrede
konumlandirilan Keciborlu ve Tefenni istasyonlarinda da test
edilmistir. Tefenni istasyonu veri serileri ile yapilan egilim analiz-
lerinde aylik maksimum ve minimum sicakliklarda anlamh artis
egilimi oldugu tespit edilmistir. Tefenni istasyonu rakim olarak
Burdur istasyonundan daha glineyinde rakim olarak 200 metre
civari daha ylksekte konumlanmaktadir. Tefenni istasyonu cev-
resinde Burdur goli gibi blyik bir su kitlesinin bulunmamasi
minimum sicaklik degerlerindeki artis egilimine neden olan bir
etki yaratmasi muhtemeldir. Bolgeye yakin diger bir istasyon
olan Kegiborlu istasyonunda sicaklik ve yagis degerlerinde an-
lamh artis veya azalis belirlenmemistir (Tablo 3). Bu durumun
en kuvvetli nedeni rasat siiresinin olukca sinirli olmasidir.

Burdur goli ve cevresindeki iklim verilerinden elde edilen ra-
satlar yillik diizeyde de egilim acisindan analiz edilmistir. Yilhk

verilerde ortaya ¢ikan egilimler aylik olarak istatistiksel olarak
¢dziimlenemeyen verilerin sezon diizeyinde test edilerek agik-
lanmasi beklenmektedir. Bu istasyonlarda yillik toplam yagis
miktarinda istatistiksel olarak anlamli egilim belirlenememistir.
Bunun yaninda yillik ortala sicaklik ve yillik maksimum sicakhk
degerlerinde istatistiksel olarak anlamli egilimler test edilmistir
(Tablo 4). Tefenni istasyonunda sicaklik verileri yillik diizeylerde
incelendiginde maksimum ve ortalama sicaklik degerlerinde
istatistiksel olarak anlamli artis egilimi olmamasi yaninda ayhk
veri serilerinde oldugu gibi yillik diizeyde de minimum sicaklik
degerinde artis egilimi oldugu goérulmektedir (Tablo 4). Kegi-
borlu istasyonunda iklim parametrelerinin higbirinde istatistik-
sel olarak anlamli artis ya da azalig hesaplanmamistir.

Bu ¢alismada Burdur golii ile ilgili iklim parametrelerindeki egi-
limler incelenmesinin ardindan bu parametrelerdeki gelecek-
teki olasi durumun ortaya cikaracagl etkileri anlamak amaci
ile 10 yilhk tahminler yapilmistir. Bu tahminlerin yapilmasin-
da stokastik yaklasimlardan biri olan SARIMA ydntemi tercih
edilistir. Bu yontemle otoregresif ve hareketli ortalamalarin
cok sayida farkli varyasyonu denenmesi kaydi ile en anlaml
sonucu veren kombinasyona ait tahminler dikkate alinmistir.
SARIMA ydntemi sezonluk ve sezonluk olmayan istatistiksel
yaklasimlari hareketli ortalama ile otoregresif katsayilar ile ay-
lik ve yillik toplam yagis tzerine (2,1,0)(0,2,12) modeli ile ger-
ceklestirilen tahminlerden anlamli sonuglar elde edilmistir. Bu
sonuglara gore yagislarin yaz aylarinda 0 mm’ye yakin degerler
alacagi, kis aylarinda 70 mm civarinda olacagi goriilmektedir
(Sekil 2a). Buradaki tahminle, rasat edilen veri serisine uygun
bir bicimde artis veya azalis yoniinde énemli bir degisikligin
olmadigina test edilmistir. Ayrica duragan olmayan dogrusal
yaklasimlarla modellenen aylik toplam yagis miktarinda gele-
cekte ekstrem aylik toplam yagislara yonelik tahminler yira-
tilmemistir. Yagisla ilgili tahminlerden varilacak diger bir bulgu
gecmis yillarda oldugu gibi muhtemelen yagis azligi yasanacagi
donemlerin gerceklesme ihtimali oldugu dikkat ¢cekmektedir.
Yagisla ilgili diger bir gosterge olan yillik toplam yagis tahmin-
lerine bakildiginda yillik toplam yagis miktarinin gelecek 10 yil
icin 350 mm ile 400 mm arasinda olacagi ve bu tahminlerin
mevcut ortalama yillik toplam yagis ile benzer ancak bir miktar
azalabilecegi ongorilmektedir (Sekil 2b). Burdur Meteoroloji

Tablo 3. Burdur, Tefenni ve Kegiborlu Meteoroloji Gozlem istasyonlari aylik sicaklik ve yagis egilimleri.
Table 3. Monthly temperature and precipitation trends of Burdur, Tefenni and Kegiborlu Meteorological Observation Stations.

Aylik Sicakhk ve Yagis Egilimleri
istasyon Parametre Za/2 (+/-) Z Ortalama H1 Hipotezi Egilim Yonu
= E Ortalama Sicaklk 1.96 0.82 13.3 Ret Artis veya azalig yok
% g Maksimum Sicaklik 1.96 2.56 25.4 Kabul Artis var
','; g Minimum Sicaklik 1.96 0.82 1.9 Ret Artis veya azalis yok
=&l Yagis miktari 1.96 -1.19 36.8 Ret Artis veya azalis yok
= Ortalama Sicakhk 1.96 1.38 11.8 Ret Artis veya azalis yok
% § Maksimum Sicaklik 1.96 2.20 25.1 Kabul Artig var
E § Minimum Sicaklik 1.96 2.63 0.5 Kabul Artis var
= Yagis miktari 1.96 -1.85 39.7 Ret Artig veya azalis yok
5 — Ortalama Sicakhk 1.96 -0.36 13.6 Ret Artis veya azalis yok
E g Maksimum Sicaklik 1.96 -0.62 26.0 Ret Artig veya azalis yok
g §' Minimum Sicaklik 1.96 -0.21 3.1 Ret Artis veya azalis yok
5 < Yagis miktari 1.96 -0.35 43.1 Ret Artis veya azalis yok
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Tablo 4. Burdur, Tefenni ve Kegiborlu Meteoroloji Gézlem istasyonlari yillik sicaklik ve yagis egilimleri.
Table 4. Annual temperature and precipitation trends of Burdur, Tefenni and Kegiborlu Meteorological Observation Stations.

Aylik Sicaklik ve Yagis Egilimleri
istasyon Parametre Za/2 (+/-) z Ortalama H1 Hipotezi Trend Yonu
T ‘:‘ Ortalama Sicakhk 1.96 2.45 133 Kabul Artis var
% $ Maksimum Sicaklik 1.96 3.43 37.2 Kabul Artis var
'§ g Minimum Sicaklik 1.96 0.05 -9.8 Ret Artis veya azalis yok
ad Yagis miktari 1.96 -1.89 420 Ret Artis veya azalis yok
o= Ortalama Sicakhk 1.96 1.74 8.4 Ret Artis veya azalis yok
% § Maksimum Sicaklik 1.96 1.17 30.7 Ret Artis veya azalis yok
E; § Minimum Sicaklik 1.96 2.68 -13.1 Kabul Artis var
s Yagis miktari 1.96 -0.85 315 Ret Artis veya azalis yok
T - Ortalama Sicakhk 1.96 -0.19 13.8 Ret Artis veya azalis yok
E g Maksimum Sicaklik 1.96 -0.19 37.1 Ret Artis veya azalis yok
S §' Minimum Sicaklik 1.96 0.19 -9.5 Ret Artis veya azalis yok
5 < Yagis miktari 1.96 -0,26 412 Ret Artis veya azalis yok

istasyonu uzun yillik (1940-2021) toplam yagis ortalamasi 424
olarak hesaplamistir. ilerleyen 10 yila ait tahmini yillik toplam
yagis ortalamasi ise 384 olarak tahmin edilmistir (Sekil 2b).

Aylik ortalama, minimum ve maksimum sicakhk verileri icin
yapilan tahminlerin timiinde (0,0,4)(6,2,0) SARIMA modeli
istatistiksel olarak en anlamli sonuglari vermistir. Aylik sicak-
lik verilerinden yararlanilarak yapilan 10 yillik tahminlerde
yagis verilerinden farkli olarak ayhk ortalama, minimum ve
maksimum sicaklklarda 1 veya 2 C”lik artislar olacagi dikkat
cekmektedir (Sekil 3). Aylik sicaklik verileri (izerinde yapilan
tahminler soguk ve sicak donemlerde aylik ortalama sicaklik-

larin artacagini gostermektedir (Sekil 3a). Uzun yillik verilere
(1940-2021) gore aylik ortalama sicaklik 13.2 C° olarak hesap-
lanmistir. Aylik ortalama sicaklik degerlerine yonelik 10 yilhk
tahmin ortalamasi ise 15.8 C° olarak belirlenmistir. Aylik mini-
mum ve maksimum sicakliklara yonelik yurutilen tahminlerde
ise sicak déneme ait sicakhk degerlerinde genel olarak yakla-
stk 1 C° artis olabilecegi 6ngoriilmektedir (Sekil 3b, Sekil 3c).
Burdur istasyonu verileri lizerinden yapilan hesaplamalarda
uzun yillik aylik minimum sicaklik ortalamalari 1C° olup mak-
simum sicaklik ortalamasi 25 C*’dir. Burdur ile ilgili gelecekteki
10 yil igin aylik maksimum sicakhk ortalamalari 27.5 C° olarak,
ayhk minimum sicaklik ortalamalari ise 3 C° seklinde tahmin
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Sekil 2. a) Aylik toplam yagis miktari ve tahmin degerleri b) yillik toplam yagis miktarlari ve tahmin degerleri.
Figure 2. a) Monthly total precipitation amounts and estimation values b) Annual total precipitation amounts and estimation values.



Alevkayali vd. / Tiirk Cografya Dergisi 82 (2023) 37-50

45

yapilmistir.  Burdur Goli yakininda konumlanan meteoroloji
kayitlari ile yapilan analizler genel olarak sicaklik degerlerinde
artis egilimde oldugu ve buna paralel olarak gelecege yonelik
tahminlerinde artis yonli oldugu dikkat cekmektedir.

Bu calismada iklim parametreleri diizeyindeki degerlendirmele-
rin yaninda 1986-2022 yillari arasi Burdur Golu kiyi gizgisindeki
degisimler de incelenmistir. Boylece iklim parametrelerindeki
egilim ve degisim sirecinin Burdur Goli su varligina olan etkisi-
nin tartisiimasi miimkin hale gelmistir. Gol kiyisinda en dustik
kiyr hareketinin gerceklestigi Karakent yerlesim yeri yakinlarin-
daki kiyr alaninin yiksek bir kitleye karsilik geldigi gorilmekte-
dir (Sekil 4). Kalkerden olusan bu kiitle izerinde yapilan dogru-
lama calismalarinda uydu goériintisd ile belirlenen gekilme ile
yersel 6lciim arasinda 2 metrelik bir sapma oldugu belirlenmis-
tir (Sekil 4). Bu sapma orani ¢alismanin amaglari dogrultusunda
belirlemek istedigi degisimlerin 6ngdrilmesi konusunda prob-
leme neden olacak bir miktar veya oran degildir.

Burdur Gola kiyi cizgisinde yapilan hesaplamalarda gol aynasi-
nin alaninda 1986 yili yaz doneminden 2022 yili yaz dénemine
kadar olan siirecte 204 km?den 119 km?'ye kadar 85 km? lik
bir azalmanin gerceklestigi belirlenmistir (Sekil 5). Burdur
GoOll havzasi duragan ve benzer yagis karakterleri gosterirken
1995’ten 2003’e kadar yagmurlu bir yagis karakteri goster-
mektedir. Burdur’un son 36 yilindaki en yiiksek yagis seviyesi
2003’te (594,2mm) tespit edilmis, bu yagis karakterinin ardin-
dan gol seviyesindeki ¢ekilme degil artis gerceklesmistir. Bur-
dur Golu’'nde ki 36 yillik bu degisimler dikkate alinarak DSAS
yardimi ile mekansal tahminler yapilmistir. Bu tahminler Bur-
dur G&li g6l aynasinin 10 yil sonra 102 km?2 olacagini gdster-
mektedir (Sekil 5). Bu tahmin degeri 1986 yili dikkate alindigin-
da 36 yilda gol aynasinin yarisinin kayboldugu belirlenmistir. Bu
degisimin Net Kiyi Cizgisi Hareketi Sonuglarina gére en az degi-

sim 46 metre iken en yiksek degisim 13408 metre olarak he-
saplanmistir (Sekil 5). Bu durumda meydana gelen gekilmenin
mevcut ¢ozindrlikte (30 metre) yiksek egimli sahalarda dabhi
cekilmenin yillik 2-3 metre oldugu anlasilmaktadir. Buna gore
egimin azaldig bolgelerde bu miktarinin artmasi muhtemeldir.

DSAS yontemi ile bu hata payindan etkilenme orani daha di-
siik olan Dogrusal Regresyon Orani degerleri incelendiginde
kiyi cizgisindeki degisimlerin daha kolay anlasilmaktadir. Dog-
rusal Regresyon Oranin goére Burdur Goli’nde bahsi gecen yil-
lar arasinda kiyi gizgisindeki en ylksek degisim orani % 410
ile golin kuzeydogu kiyisindan gerceklestigi ve en az degisim
%0,93 ile Karakent yakinlarinda yliksek kitlenin bulundugu
yerde gerceklesmistir (Sekil 5). Bu analizler ile elde edilen diger
bulgular lojistik regresyon orani ve cografi agirlikh regresyon
oranlaridir. Buradaki bulgulara gore gol kiyi ¢izgisinin %’tinde
2251 metreden daha fazla gerileme gerceklesmistir. Gol kiyi
cizgisinin yarisi en az 550 en fazla 2025 metre gerilemistir. En
az kiyr hareketinin oldugu bolgeler toplam kiyi gizgisinin %’Un0
olusturmakla birlikte buradaki gerileme 46-500 metre arasin-
da gerceklesmistir (Sekil 5). Net kiyi gizgisi hareketleri dogrusal
regresyon orani ile uyumlu sonuglar belirlenmisti. Burdur Go-
linde en ¢ok gerilemenin oldugu bdlgede dogrusal regresyon
orani %200 ile %400 arasinda gerceklesmistir. Bu durum degi-
sim bagimsiz bir degisken olarak dogrusal bir fonksiyon olarak
hesaplandiginda degisimin baslangictaki durumunun fazla 4
katta varan oldukga yiksek oranda meydana geldigini goster-
mektedir. Ayrica yapilan tahminlerde golin kuzeydogu boli-
miinde yillara gore gerilemelerin oldugu ayrica goliin merke-
zine dogru bir girinti meydana gelecegi tahmin edilmektedir
(Sekil 5). Burdur Goliniin 10 yil sonraki tahminler dogrultu-
sunda daralmasi halinde goliin Ardigli ve Askeriye yerlesmeleri
ile iliskisinin azalacagi anlasiimaktadir.
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Sekil 3. a) aylik maksimum, b)aylik minimum ve c) aylik ortalama sicaklik degerleri ve tahminleri.
Figure 3. a) monthly maximum, b) monthly minimum and c) monthly average temperature values and forecasts.
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Sekil 4. Kalibrasyon igin kullanilan Karakent yakinlarinda kalkerden olusan yiiksek kiitle ve giincel kiyi siniri.
Figure 4. Limestone high mass and current coastal boundary near Karakent used for calibration.

4. Tartisma ve Sonug

Burdur Goli’niin son yillarda gecirdigi seviye degisimleri hid-
rografik olarak su bilancosu ile dogrudan iliskilidir. Bundan
dolayl Burdur Goli'nlin genel seviye dizeyleri incelenirken
gelir ve gider dengesinde 6zellikle iklim parametrelerinden
yararlanilmistir. Burdur Gola ve gevresinin iklimi kurak ve yari
kurak iklim siniflandirmasi icerisinde yer almaktadir (Sener &
Sener, 2021; Cengil & Ayan, 2022). Bu ozelligi ile calisma ala-
ninda yaz aylari sicak ve kurak, kis aylari ise soguk ve yagishdir.
Bu sahaninda yagis karakteri genel olarak 400 mm. diizeyinde
olmaktadir. Burdur Goli meteoroloji istasyonu kapsaminda ra-
sat edilen klimatik veriler Gizerinde yapilan egilim analizlerinde
yillik ve aylik yagis verilerinde anlamli artis veya azalis belir-
lenmemistir. Diger yandan maksimum sicakliklarda ve aylik
ortalama sicakliklarda gorilen artis egilimi kurak ve yari kurak
alanlar igerisinde siniflandiriimasi ile uzun yillar verilerine gére
yagis dlizeyinin az, sicakhk dizeyinin de yiksek olmasi Burdur
GolU’'nu etkileyen bir azalis egilimi su bilangosuna negatif yon-
10 etki yaratmasi kaginilmazidir.

Burdur Goli ile ilgili gegmis donemden elde edilen uydu goriin-
tist ve gecmis uzun yil meteoroloji verileri ile farkl yontemler
kullanilarak goliin zaman igerisinde degistigini ve bu degisim-
lerdeki seviye farkliliklari Gzerine calismalar oldukga fazladir
(Sener vd., 2005; Ataol, 2010; Goncii vd., 2016; Sarp & Ozcelik,
2017; Sabuncu, 2020; Albarqouni vd., 2022). Bu ¢alismada 6n-
celikle havzadaki uzun yillar meteoroloji verileri stokastik bir
yaklasim olan SARIMA yontemiyle degerlendirilmis ve havza-

nin gelecek 10 yilda yillik toplam yagis ortalamasi, aylik maksi-
mum ve minimum ortalamalari tahmin edilmistir. Bu ¢alisma-
da elde edilen verilerle yapilan tahminlerde yillik toplam yagis
ortalamasinin gelecekteki 10 yilda mevcut ortalama olan 424
mm toplam yagistan 40mm daha az olacagi 6ngorilmistir. Bu
konuda yiritilen uluslararasi ¢alismalardan biri olan CMIP5
iklim similasyon projesi ACESS-CM2 modeline gore gelecek-
teki 20 yildaki toplam yagis ortalamasinin Burdur Meteoroloji
istasyonun 464 mm olacagi tahmin edilmektedir (Bi vd., 2020).
CanESMS5 olarak adlandirilan bir diger modelde ise 2021-2040
yillari arasinda toplam yagis ortalamasinin Burdur ilinde 496
mm olacagi belirtilmistir (Swart vd., 2019). Bu sonuglar Burdur
GM istasyonunda o6lglilen mevcut yagis ortalamalarindan ve
bu c¢alismada yapilan yagis tahminlerin (izerinde oldugu go-
rilmektedir. Bu yoni ile bu ¢alismada yagis konusunda yerel
diizeyde yuritllen tahminlerin dogrulugunun ilerleyen yillarda
Olgulerek test edilmesi gerektigine isaret etmektedir. Gelece-
ge yonelik sicaklik tahminlerinde ise 2021-2040 yillari arasin-
da CanESM5 modelinde yillik ortalama sicakhk degerinin 15
C°, maksimum ve minimum aylk ortalamalarin 1 C° ve 25 C°
olacagi; ACESS-CM2 modelinde ise yillik ortalama sicakligin 14
C°, maksimum ve minimum sicakliklarin 3 C° ve 26 C*ye ula-
sacagl ifade edilmektedir. Bu ¢alismada yapilan tahminlerde
gelecek 10 yil igin yilhk sicaklik ortalamasinin 16 C°, aylik mini-
mum ve maksimum sicaklik ortalamalarinin 3 C° ve 27,5 C° ile
bugiline kadar olan kayit ortalamalarindan yaklasik 2 C° daha
fazla olacagini ifade etmektedir. Boylece yerel diizeyde sicaklik
konusunda yirutllen tahminlerin ACESS-CM2 modeline yakin
oldugu dikkat cekmektedir. Sicaklikla ilgili tim tahmin deger-
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Sekil 5. Burdur GOl uzun yillik (1986-2022) seviye degisimleri, net kiyi gizgisi hareketi, dogrusal regresyon orani ve 2032 yili tahmini gl aynasi alani.
Figure 5. Burdur Lake long-term (1986-2022) level changes, net shoreline movement, linear regression ratio and estimated lake mirror area in 2032.

leri incelendiginden genel olarak sicakliklarin bugline kadar
olan ortalamalardan daha yiiksek seyredecegi 6ngoriilmekte-
dir. Sicakliklara yonelik tahminlerin gerceklesmesi durumunda
Burdur Gol aynasindaki daralma stirecini hizlandirmasi beklen-
mektedir. Burdur Goli'nlin kiyi gizgisi Gizerinde yasanilan degi-
simler ve gol alaninin kigllmesini konu alan bir ¢alismada gol
alaninin degismesi ile iklim parametrelerinin istatistiksel olarak
kuvvetli dogrusal iliski test edilemedigi belirtiimektedir (Hep-
deniz, 2020). iklim ve Burdur G&l aynasindaki daralma Colak
ve digerleri (2022) tarafindan yapilan galismada genel anlam-
da tarimsal sulama kaynakli oldugu ancak iklim degisikligi ile
bu siirecin daha da giiglendigi ortaya konulmaktadir. Oysa bu
calismadaki kiyr degisimi ve yagis verileri incelendiginde 2003
ve 2015 yillarinda yiiksek miktarli ekstrem yagislar gercekles-
tigi donemlerde bu yillari takip eden yillarda gol seviyesindeki
azalis durdugu hatta seviyede artiginin oldugu gozlemlenmistir.
Buradaki sonuglar ile Goziikara ve digerleri tarafindan (2021)
yapilan ¢alismada gol seviyesindeki azalisin 2003 ve 2015 yil-
larinda olmadigi ifade edilmektedir. Bu durum Burdur Gol ay-
nasindaki degisimlerin yagislarla beklenenden daha fazla iliskili
oldugunu gostermektedir. Pek tabi bu ¢alismada ifade edildigi
gibi Burdur Gol aynasindaki azalis egilimi iklimle iliskili olsa da
beseri faaliyetlerin bu daralma siireci arttirdigi bilinmektedir
(Goziikara vd., 2019). Tum bu degiskenler dikkate alindiginda
Burdur Golu ile ilgili esas tehlikenin yagislarin azalma egilimine
girdigi slirelerdeki su kullaniminin oldugu anlasilmaktadir. Bu-
rada yapiimasi gereken yagislarin azaldigi donemleri takip eden
surelerde su kullaniminin dengelenmesi yani azaltilmasidir.

ilgili literatiirde Burdur Goéli’niin gelecege ydnelik gdl ayna-
sinin durumu ile ilgili yani goliin benzer kosullarin devam et-
mesi durumunda gelecekte nasil bir goriinim alacagina iliskin
calismalar yok denilecek kadar azdir. Bu kapsamda literatiirde

rastlanan Ataol (2010) tarafindan yapilan galismada su bilango-
suna gore golin 2080 yilindaki hacim degerleri hesaplanmis ve
bir harita olusturulmustur. Bu Kiyi ¢izgisindeki degisimler Dijital
Kiyr Hatt1 Analiz Sistemi DSAS yontemi Tirkiye’de farkli gollerin
kiyi sinir gizgilerinde farkli galismalarda da kullanilarak test edil-
mis ve bu projeksiyonlar ile gelecege yonelik kiyi seridi planla-
malarinda bir fikir Gretme hususunda katki saglamistir (Duru,
2017). Bu ¢alismada ise Burdur Golu kiy gizgisi ile ilgili olarak
yapilan galismalarda gelecege yonelik tahmin olusturan ve ge-
lecege projeksiyon tutan arastirmalarin sinirli olmasina karsi
bu ¢alismada modern CBS yontemleri (DSAS) kullanilarak Bur-
dur Géli’'niin gelecek 10 yilina tahminler gél aynasinin 17 km?
daha daralacagini géstermistir. Bu daralma ile Burdur Goél ayna-
sinin 2032 yilinda Burdur Golu Ardigli kdy yerlesmesi ile Burdur
sehri hattina kadar gerilemis olacagi tahmin edilmektedir. Bu
durum gol ylzeyinin gekildigi alanlari bitki ortlisinden yoksun
ve asinmaya hassas bir ortam olusmasina neden olmustur (Se-
kil 6). Baska bir deyisle Burdur Goli kiyisinda kapilarite 6zelli-
gini kaybeden ve biinyesindeki sudan arinan gdl sedimanlari
rlizgar tarafindan siddetli toz firtinalarina ortam hazirlamakta-
dir. Toz firtinalarina bir diger ortam hazirlayan temel etken ise
kuruyan gol havzasinin kontrolsiiz olarak tarimsal mera alani
olarak kullanilmasi ve gol tabaninda zorlukla tutunan bitkiler
otlatmalar ile birlikte ortamin nemden arinarak toz tasinimina
neden olan antropojenik bir etken olarak karsimiza ¢itkmaktadir
(Sekil 7). Goldeki seviye dususleri sonucu ortaya ¢ikan bu toz
hareketleri sehir Gizerinde ve insanlarda olumsuz sonuglari or-
taya ¢ikarmasi kaginilmazdir. Dinyadaki farkl 6rneklerde (Aral
GOlu vs.) oldugu gibi bu durum ekolojik, ekonomik ve kulturel
etkileriyle ¢ok farkh problemlere neden olabileceginden bu
bashklarin her biri ayrica incelenerek siireci yavaslatici ya da
kurtarici ¢goziimlere kapi agilmasina ihtiyag vardir.
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Gil Tozlar

Sekil 6. Burdur Golu kuzeydogusunda Ardigh Koyl ve gevresinde toz taginimi.

Figure 6. Dust transport in and around Ardigli Village, northeast of Lake Burdur.

Gol Tozlan

Sekil 7. Burdur Golu kuzeydogusunda Senir Koyl ve gevresinde toz taginimi.
Figure 7. Dust transport in and around Senir Village, northeast of Lake Burdur.
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Yukselti arttikga yagisin da artacagi yoniindeki genel kabul, uluslararasi literatlrde gegerliligini ko-
rurken, ulusal yayinlarda ¢ogunlukla Schreiber Formli olarak bilinen esitlikten yararlanilmaktadir.
Formdillin, yagisin belirli bir yikselti mesafesinde belirli bir miktarda artacagini énerdigi model,
statik bir yaklasim olup, yagisin ylkseltiyle artmadigi durumlari tespit etmede kullanigsizdir. Yagis,
dogal cevrenin baglica bilesenlerinden biri olarak, beseri hayati dogrudan veya dolayli yollardan
etkilemektedir. Bu bakimdan yagisin gercege yakin modellenmesi, ekonomik faaliyetlerin strdi-
rulebilirligi ve planlamasi agisindan 6nemlidir. Yagisin yiikseltiyle nasil degistigini incelemeye alan
bu galismanin temel yontemi, belirlenen istasyon giftlerinde yagis gradyanlarinin hesaplanmasina
dayanmaktadir. Tiirkiye'de yeterli veri uzunluguna sahip 542 adet istasyon ¢iftinde okunan sonug-
lar, yagisin yikseltiyle azaldigi durumlarin da dikkat gekici 6lgllerde oldugunu ortaya koymakta-
dir. Ciftlerden 130 tanesinde negatif gradyan, pozitif gradyandan daha ¢ok sayidadir. 2005-2021
dénemine ait aylik verilerle elde edilen sonuglarin isaret ettigi bir diger husus, pozitif ve negatif
gradyanlarin goriilme yiizdeleri arasindaki belirgin mevsimselliktir. Buna gore negatif gradyaninin
goriilme yiizdesi soguk periyotta fazlalasmakta, yazin ise azalmaktadir. iki mevsim arasindaki hava
sicakhklariyla birlikte yogusma seviyesindeki belirgin farkhliklar gradyanin pozitif ya da negatif ol-
masini belirlemektedir. Yogusma seviyesinin bir diger deyisle bulut tabani yuksekliginin algaldigi kig
aylarinda negatif gradyan tespit etmek daha olasidir.

While international publications generally assume that precipitation increases with increasing
elevation, the local literature mostly uses the Schreiber formula, which simply shows that
precipitation increases by a certain amount at a given elevation distance. The Schreiber formula
based model is a static one and not useful in identifying situations where precipitation does not
increase with elevation. As a main component of the natural environment, precipitation directly
and indirectly impacts human activities. Hence, realistic precipitation modeling is important
for sustainability and economic planning. In this study, the variation of precipitation with
elevation was investigated by calculating precipitation gradients at 542 identified station pairs
with sufficient data length in Turkey. The findings from these station pairs revealed that there
were a remarkable number of cases where precipitation decreases with elevation. In 130 pairs,
the negative gradient outnumbered the positive gradient. Using monthly data for the period
2005- 2021, it was pointed out that there is significant seasonality between the percentages
of positive and negative gradients. The percentage of negative gradient increases during the
winter and decreases in summer. Significant differences in the condensation level along with air
temperatures between the two seasons determine a positive or negative gradient. A negative
gradient is more likely to be detected in winter when the condensation level, that is, the cloud
base height, is lower.

1 Bu calisma sorumlu yazarin yiiksek lisans tezinden uretilmistir.

2 This study was produced from the master’s thesis of the responsible author.
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Extended Abstract
Introduction

As a climatic parameter, precipitation impacts human and eco-
nomic activities. Its spatial distribution is very difficult to pre-
dict. Topographical features of the area where precipitation
occurs significantly influence its distribution. Features such as
proximity to water bodies, latitude, aspect, the degree of to-
pography fragmentation, orientation toward or away from the
prevailing wind direction, and elevation cause significant dif-
ferences in the amount of precipitation over short distances.
In Turkey, the precipitation—elevation relationship is mostly
evaluated using the Schreiber formula, which states that pre-
cipitation always increases by a constant value (54 mm per
100 m) with increasing elevation, neglecting the variability of
precipitation, thus increasing the errors in the models using
the formula. This study aims to determine how precipitation
changes with elevation in Turkey, and the findings of this study
will help improve modeling methods and approaches.

Data and Method

Monthly precipitation data for the period 2005-2021 were
obtained from The Turkish General Directorate of Meteorolo-
gy. The months where precipitation is more than 500 mm and
precipitation is zero for three consecutive months for summer
months were excluded. Stations within the same subbasin
and at the shortest possible distance with an elevation differ-
ence of at least 100 m were paired together, and precipitation
gradients were calculated by proportioning precipitation dif-
ferences to elevation differences in the identified pairs. Pairs
with at least 60 gradients were considered. In 542 pairs, the
data length was 60 or more.

Results and Discussion

A positive gradient means increasing precipitation with eleva-
tion, while a negative gradient means decreasing precipitation
with elevation. Despite variable amounts where there was an
increase or decrease, in most of the pairs, annual precipita-
tion increased or decreased by at most 25 mm per 100 m.
Thus, using the Schreiber formula in most places where there
is a positive gradient would result in a modeling error of more
than a factor of two. On a monthly basis, there is strong varia-
bility in the gradient, and generally, in most pairs, the increase
or decrease was found to be at most 5 mm per 100 m. In this
regard, consistency can be considered to be achieved in the
modeling where the Schreiber formula is adapted to monthly
precipitation with a 4.5 mm increase. However, it is worth not-
ing that, in some pairs, the increase or decrease is more than
5 mm and the direction and amount of change in each pair
vary from month to month. It can be inferred that the station
pair method is more successful in revealing local precipita-
tion variability than the Schreiber method. In addition, one of
the remarkable findings of this study is the seasonality of the
gradient patterns. The station pair method models negative
gradients in more station pairs in winter than in summer. Al-
though both gradients can be seen in both seasons, the higher
number of negative gradients in the winter suggests that the
condensation level controls the gradient. In winter, the con-
densation level is expected to be lower than in summer. The
increasing condensation level in summer explains the positive

gradient. The same pattern was reported in a study conducted
in the northern part of the Tien Shan Mountains, which sug-
gested that the condensation level has significant influence on
gradient. Indeed, the results for the pair in Erzurum, which is
the most similar to the northern part of the Tien Shan Moun-
tains in terms of both elevation and continentality in Turkey,
confirms this observation The percentage of negative gradient
ranges from 80 to 100 in winter but drops to 20 in summer. A
similar pattern is observed in the east of the Antalya Gulf. On
the eastern Black Sea coast, the percentage of negative gradi-
ent is higher in winter than in summer but is almost absent in
spring. The Foehn effect causes the condensation level to rise
higher and higher, so the negative gradient is impossible. Hu-
midity and temperature affect condensation. The percentage
of negative gradient occurrence in the pair north of the Keban
Dam is less than 50 throughout the year but increases from
about 20 in winter to 40 in summer. In summer, more water
vapor enters the atmosphere, limiting the rise in condensa-
tion. The percentage of negative gradient in the Nevsehir pla-
teau in summer can be as high as that in winter but can also
be low. This may be related to convective cells. Precipitation
from a precipitation cell affects one station of the pair while
the other remains outside the cell and does not receive the
precipitation, making it equally probable for the gradient to
be positive or negative depending on whether they are high
or low stations.

Conclusion

A realistic representation of precipitation distribution by the
static Schreiber method is difficult to obtain. Hence, the sta-
tion pair method can be adopted as a practical approach to
reveal local rainfall variability. Condensation levels can explain
the seasonality between positive and negative gradients. In
the case of convective cells, precipitation variability acquires
a strong additional dimension. Nonetheless, more extensive
studies are needed to elucidate the precipitation-elevation
and condensation level-precipitation gradient relationships.

1. Giris

iklim parametrelerinin insan yasamini etkiledigi, bu paramet-
reler icerisinde sicaklik ve yagisin daha belirleyici oldugu bi-
linmektedir. Sicakligin mekandaki dagilisini modellemek daha
mimkinken, yagis dagihsini modellemek 6zellikle topograf-
yanin parcali oldugu boélgelerde oldukg¢a zordur. Meteoroloji
istasyonlari vasitasiyla saglanan verilerden tim bir sahanin
genelini karakterize edebilecek modeller Uretilse de ¢ok sa-
yida degiskenle yapilan tahminlerin isabet derecesi diismek-
tedir. Genel sirkiilasyona bagh olarak meydana gelen yagis,
yerel topografik sartlar tarafindan degistirilebilmektedir. Bu
bakimdan, topografyanin yagis tizerindeki etkisinin agikliga ka-
vusturulmasi, model sonuglarinin iyilestirilebilmesinde etkili
olacaktir.

Topografyanin yagisa etkisini kantitatif olarak inceleyen ilk ¢a-
lismalardan biri Colorado’nun batisinda Spreen (1947) tarafin-
dan gerceklestirilmistir. 11 yillik periyodun kis aylari yagislari
ilk olarak yikseltiyle, sonra yiikseltiyle birlikte egim, baki ve
topografya uzanisi ozellikleri gibi 4 parametreyle degerlendi-
rilmis; sadece ylkselti ile yapilan analizde varyans %30 olarak
hesaplanirken, diger degiskenlerle yapilan analizde %88 olarak
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belirlenmistir. California’da yine 11 yillik periyot Burns (1953)
tarafindan dikkate alinmis ve yillik ortalama yagisla yikselti
arasindaki korelasyona ait ortalama hata degeri 1’den fazlay-
ken, ylkseltiyle birlikte egim, baki, topografya uzanisi, calisma
sahasindaki yukselti farki gibi degiskenlerle birlikte bu, 1’in
altina dusmektedir. Benzer teknik ve parametrelerle Linsley
(1958) California’da 2 yil olusturan saatlik verileri incelemis,
coklu korelasyon katsayisini 0.88 olarak belirlemistir. Yagisi kri-
ging teknikleriyle modellemeye calisan Diodato (2005), ytik-
selti degiskenli co-kriging’in siradan kriging’ten, topografik in-
deks seklinde tanimladigi degiskenin kullanildigi co-kriging’in
ise ylkseltili olanindan daha iyi sonuglar verdigine ulagsmistir.
Bir topografya lizerinde yagisin degisiminde sadece yikselti
degil, diger parametreler de etkili olsa da bunlar icerisinde
ylukselti, yagisi daha fazla degistirmektedir (Unwin, 1969).

Yagis miktarinin yikseklik arttikca nasil degistigini arastiran
calismalardan ilki, bilindigi kadariyla Heberden (1769)’e ait-
tir. Sonrasinda Homersham (1851)'in calismasi gelmektedir
ki, her iki yazar da blyuk yagis toplamlarini algcak yerlerde
saptamistir. Genel kabulle geliskili bu sonuclarin kullanilan
Olcim yontemleriyle alakali oldugu disinilmistir (Jevons,
1861). Yagisin yikseltiyle artacagi yoniindeki bir kabul, fiziki
cografyanin onci isimlerinden Davis’in 1894 ve 1899 yillarin-
da kaleme aldigi yazilarin arka planindan gikarilabilmektedir.
Bu ¢ikarimlardan biri 6rnegin, asindik¢a ylkselti kaybeden bir
sahada yagisin da buna paralel azalacagi yoniindedir. Benzer
sekilde Robbins (1910) de bir topografya boyunca yikseldikce
nem istegi ylksek bitki tlrlerinin sahayi kaplar hale gelmesini,
yagis artisinin bir sonucu olarak degerlendirmektedir. Bununla
birlikte Robbins (1910) yagisin ylkseltiyle artmadigi gibi istis-
na durumlar oldugunu ifade etmis, McAdie (1909) de bunu
calisma sahasindaki bazi istasyonlarda gozlemlemis olsa da
genel olarak yagisin ylkseltiyle arttiginin kabul edilebilecegini
bildirmistir.

Yiukselti arttikga yagisin ne kadar artacagi yonindeki bir aras-
tirma konusu gesitli yazarlarca incelenmis, farkli ¢alisma sa-
halarinda farkli miktarlar belirlenmistir (Fernow & Gannett,
1888; Hilgard, 1893; Lee, 1911; McAdie, 1909, 1914; Poulter,
1936). Clyde (1931)'1n belirttigine gore artis miktarlari her yil
icin farklidir. Varney (1920), Lull ve Ellison (1950), Smallshaw
(1953), Hanson (1982) gibi kimi yazarlar artis miktarinin yil ige-
risinde de belirgin dlculerde degistigine ulasmislardir. Yagisla-
rin fazlalastigl kis doneminde pozitif gradyan biyirken, yazin
gradyan minimumdur. Seko (1987) ve Glazirin (1997) de ben-
zer sonuglar belirlemekle birlikte yilin belli dénemlerinde yagi-
sin ylikseltiyle artisi yerine negatif gradyan tespit ederek sozi
edilen diger yazarlardan ayrilmaktadirlar. Basist vd. (1994) ise
yillik yagis gradyanini British Columbia’da negatif hesaplamigs-
tir. Coklu regresyon modeline gore yagis burada, her 100 m’de
35 mm azalmaktadir.

Uluslararasi literatiirde oldugu gibi Turkiye’de de calismalar
yagisin yikseltiyle arttgl kabull Gzerine sekillenmistir. Ozel-
likle yagisin ylikseltiyle sabit bir oranda hep artacagi varsayi-
mini iceren Schreiber formalind kullanan yayinlarin ¢oklugu
dikkati cekmektedir. Bununla birlikte Atalay (2010, s. 476), po-
zitif gradyani Turkiye’de her yerde ve her zaman belirlemenin
mimkin olmadigini belirtmistir. Aydindzi (2008), formiliin
54 mm’lik artis degerini sinamis ve belirledigi istasyon ciftle-
rinde hesapladigi her bir gradyani, Schreiber gradyanindan

farkli bulmustur. Eris ve Agiralioglu, (2009) Dogu Karadeniz'de
coklu dogrusal regresyonla yillik ortalama yagisin yikseltiyle
azalisini belirlemistir. Isik vd. (2019) benzer sonuca Schreiber
formilinin Artvin’de kullanilabilirligini degerlendirerek ulas-
mistir. Hatipoglu ve Uzun (2020), Melet havzasindaki erozyon
riskini modelledikleri calismalarinda Schreiber formiiliyle
hesaplanmis yagis verisinin hatali sonuclara yol acacagini be-
lirtmistir. Formili Bursa-Uludag ornegi tzerinden ilk olarak
aciklayan Ardel (1960), yagisin yukseltiyle degismesi basligi
altinda, yagisin her 100 m’deki artisinin ne olduguna yonelik
hesaplama sonuglarinin bir yerden digerine farklilasacagina da
yer vermistir. Biricik, (2009, s. 155) yillik yagis verisi icin kul-
lanilan 54 mm artis sabitesinin 12’ye béliinmesiyle elde edi-
len ve boylece her ay icin esit bir degisimi 6ngéren 4.5 mm
artis gradyaninin, bazi aylarda hig yagis diismemesiyle iliskili
olarak her ay icin kullanilamayacagini bildirmistir. Ayrica, yillik
veya aylik gibi icerisinde birkag¢ yagis olayinin birikimli sonu-
cunu iceren uzun zaman dilimleri (Wang vd., 2018) ile pozitif
gradyan arasindaki iliski de dikkat cekicidir. Yagisin ylkseltiyle
arttigini belirten bircok yayinda kullanilan veri seti bu 6zellik-
tedir. Glnluk gibi daha ayrintili bir zamansal ¢éztintrlikle ga-
lisildiginda negatif gradyan tespit etmek mumkindir (Sevruk
& Mieglitz, 2002). Nitekim Turkiye’nin glineybatisinda gunlik
veriyi kullanan bir calismada negatif gradyan da gozlemlen-
mektedir (Saris vd., 2021).

Genel olarak degerlendirildiginde 6nceki ¢alismalarin ortaya
koydugu bulgular, yagis-ylikselti iliskisine dair genel kabuliin
gegerliligini sorgulamanin faydali olacagini géstermistir. Tur-
kiye’de yagisin yikseltiyle nasil degistigini arastiran bu calis-
ma igin 3 amag belirlenmistir. 1) Yagis ylkseltiyle her zaman
ve her yerde artiyor mu veya azalma da goriilmekte midir?
2) Yagis nerelerde ve ne zaman yukseltiyle azalmaktadir? 3)
Yiikseltiyle artma ve azalma gradyanlari arasinda belli bir d6-
nemsellik belirlenebilir mi? Calisma kapsaminda bu sorulara
cevap aranmistir.

2. Veri ve Yontem

Turkiye’de sayisi ginimizde 2350'yi bulan meteoroloji is-
tasyonlarindan otomatik olanlarinin (OMGI) yayginlasmasi
2000’'lerden sonrasina rastlamaktadir (Yilmaz & Darende,
2021). Kurulumunun ve isletilmesinin daha kolay oldugu OM-
Gi’lerin bu 6zelligi, daha yiiksek sahalarda meteorolojik &lcim
ve gozlemlerin yapilmasini olanakli hale getirmistir. Turkiye’de
yagis-ylkselti iliskisini incelemeyi amaglayan bu calisma,
2005-2021 dénemine ait OMGi verilerini dikkate almaktadir.

OMGiI ag icerisinde, ayni alt havzada bulunan, kus ugusu me-
safenin mimkin oldugunca kisa, yukselti farkinin 100 metre-
den fazla oldugu istasyonlar eslestirilerek istasyon ciftleri olus-
turulmustur. Ayni yamactaki istasyonlar secilmeye calisilsa da,
bu sart bazen saglanamamis, ayni hava kitlesinden etkilenme
olasiligi ylksek istasyonlar cift olarak belirlenmeye calisiimis-
tir. Ciftlerde, cifti olusturan her iki istasyonun ortak 6l¢im yap-
tg1 aylar kullanilmis, en az 60 ay ortak dlgimin olmasina dik-
kat edilmis ve 542 ciftin yeterli veri uzunluguna sahip oldugu
anlasilmistir (Sekil 1).
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Sekil 1. Turkiye'de belirlenen istasyon giftleri
Figure 1. Station pairs identified in Turkey

Ciftlerin 170 tanesinde yiksek istasyonun yikseltisi 1000
m’den daha algakta, 311 tanesinde 1000 ile 2000 m arasinda,
61 tanesinde 2000 ile 2800 m arasindadir (Sekil 2). Yuksek is-
tasyon yikseltisi en fazla 2800 m kadardir. Dolayisiyla bu sevi-
yeden sonrasi igin yagisin yikseltiyle degisimi hakkinda bir bilgi
edinilememektedir. Algak istasyonu 1000 m’den daha algakta
olanlarin sayisi 358, 1000 ile 2000 m arasinda olanlarin sayisi
180 ve sadece 4 giftte ylkselti 2000-2200 m arasindadir. Yiik-
selti farki ise sadece 1 ¢iftte 2000 m kadardir. Ciftlerin 340 ta-
nesinde yiikselti farki 100 ile 600 m’ler arasinda degismektedir.

Meteoroloji Genel Midirligi’'nden temin edilen aylik toplam
yagis veri setinde kontrol islemleri gergeklestirilmistir. Buna
gore ilk olarak 500 mm ve daha buyuk olan degerler veri se-

40°E

tinden cikarilmistir. Ayrica kimi aylarda yagis toplamlarinin 0
olarak islendigi gorilmustir. Bunun o ay igin yagis yoklugunu
mu ya da 6lgimin olmadigini mi ifade ettigi ise belirsizdir. Bu
sebeple yagisin yaz aylari haricinde art arda 3 kez 0 oldugu ay-
lar genel olarak tim istasyonlarda veri setinden kaldiriimistir.
Bununla birlikte eger istasyon Glineydogu Anadolu’da bulunu-
yorsa yaz ve eylll aylari haricinde geri kalan aylarda verinin 3
kez Ust Uste 0 olup olmadigina bakilmistir. Eger istasyon Dogu
Karadeniz’'de denize doniik yamacta yer aliyorsa yaz aylari da
dahil tim bir yilda art arda 3 kez 0 oldugu tespit edilen kisimlar
veri setinden silinmistir. Bu islemler sonrasinda ciftlerin veri
uzunluklari tespit edilmistir. 542 adet ciftte veri uzunlugu en
az 60 aydan olusmakta ve 2 ciftte de en fazla 204 olmaktadir.
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Sekil 2. istasyon ciftlerini olusturan yiiksek, alcak istasyonlarin yiikseltileri ve yiikselti farklarinin yiikselti basamaklarina gére dagilimi
Figure 2. Distribution of elevations and elevation differences of high and low stations forming station pairs according to elevation steps
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Her iki istasyonun ortak 6lciminin oldugu aylarda, aylik yagis
gradyanlari hesaplanmistir (Esitlik 1). Yiksek istasyonun yagi-
sindan (Ph) alcak istasyonun yagisi (PI) ¢cikarilmis ve bulunan
yagis farki, yikselti farkinin (Eh-El) 100’e bolinmesiyle bulu-
nan degere bolinmistir. Sonucta elde edilen gradyan, her
100 m’deki yagis degisim miktaridir.

Pp— P

¢ = &, - En/100

(1]

3. Bulgular

Hesaplanan gradyan degeri pozitifse bu, yagisin yukseltiyle
arttigini, negatifse de yagisin yukseltiyle azaldigini belirtmek-
tedir. Yillik 6lgekte azalma en fazla her 100 m’de 150-300 mm
ile 6rnegin Rize dogusunda, artmaysa 300-450 mm ile Antalya
Korfezi dogusunda kiguk bir sahada gortlmektedir (Sekil 3).
Ciftlerin blylk bir cogunlugunda 25 mm’ye varan pozitif grad-
yan belirlenmistir. 25-50 ve 50-75 mm artmanin oldugu ciftler,
Turkiye’nin batisinda ve glineydogusunda yogunlasmaktadir.
Karadeniz kiyilarinda negatif gradyan gérulmektedir. Azalma-
nin belirlendigi ¢cogu ciftte bu 25 mm kadardir.

Aylik gradyanlarin 45 mm azalis ile 50 mm artis arasinda de-

(Sekil 4). Ornegin ocak ayinda Kaz Daglarinda yagis her 100
m’de 15-30 mm artarken, Cihanbeyli Platosunda 5 mm azal-
maktadir. Gineydogu Anadolu’da, yagisin artisi 5-10, 10-15,
15-30 mm arasinda degisen degerlerde olmaktadir. Ayni de-
gerlerde azalma Palandoken-Bingol daglari ve gevrelerinde
gorilmektedir. Temmuzda yagisin yikseltiyle artisinin gogu
ciftte en fazla 5 mm, yikseltiyle azalmanin oldugu ciftlerde de
cogunlukla bunun en fazla 5 mm oldugu belirlenmistir. Nega-
tif gradyan belirlenen cift sayisi kisin, yaza gére daha fazladir.
Ocakta 542 giftin %40'Iinda, temmuzda %33’lUnde negatif grad-
yan hesaplanmistir. Ortalama azalma ocak igin 6.6, temmuz
icin 2.5 mm’dir.

Daha bol yagish soguk periyotta yagisin ylkseltiyle degisimi de
fazladir. Gradyanlarin mutlak biyaklaganin yil icerisindeki de-
gisimi Sekil 5 ile gosterilmektedir.

Bir ciftin, veri uzunluguyla es sayida yagis gradyani vardir. Hig-
bir ciftte veri uzunlugunu olusturan aylarin timinde pozitif ya
da negatif gradyan hesaplanmis degildir. Kimi ciftlerde pozitif,
kimilerinde ise negatif gradyan diger gradyana gore daha ¢ok
sayidadir. 542 ciftin 412 tanesinde pozitif gradyan negatife
gore, 130 tanesinde de negatif gradyan pozitife gore daha cok
kez kurulmustur. Ciftler icerisinde hangi ayda hangi gradyanin
daha cok kez ortaya ciktigina da bakilmistir. Negatif gradyan
gorilme ylzdesini aylik bazda gosteren haritada (Sekil 6) belli
bir mekansal 6rinti elde edebilmek gictlr. Negatif gradyan
gorilmesinin %50’den daha fazla oldugu ciftlerin haritalandigi
Sekil 7'de de yine mekansal cesitlilik glclidir. Bununla birlikte
pozitif ve negatif gradyan goriilme yiizdelerine odaklaniimistir.
Negatif gradyan gorilme ylizdesinin kisin yaza gére daha bi-
yuk olmasi dikkat cekicidir. Bu belirgin mevsimsellik, gradyanla-
rin zamansal dagilisini incelemeyi zorunlu kilmaktadir. iki mev-
sim arasinda en belirgin degisen iklimsel parametre sicakliktir.

4. Tartisma ve Sonug

Sanilanin ve kabul edilenin aksine, Basist vd. (1994) ve Glazi-
rin (1997) gibi bazi yazarlarca da ortaya kondugu gibi yagis,
yukseltiyle birlikte her yerde ve her zaman artmamaktadir.
Bu durum Turkiye icin de gegerlidir (Sekil 3, Sekil 4). Bununla
birlikte, yagisin ylikseltiyle arthgini ifade eden dnermenin ge-
cersiz oldugunu séylemek giictir. 542 giftten 412’sinde pozitif
gradyan, 130’unda negatif gradyan diger gradyana gore daha
¢ok kez ortaya gikmistir.

Pozitif veya negatif gradyanlara ait degerler ¢esitlenmekle bir-
likte, bu gradyanlar mutlak olarak degerlendirildiginde daha
fazla yagish kis aylarinda degisimin miktari da blyimektedir
(Sekil 5). Turkiye’de kurak gecen yaz aylarinda yagisin ylk-
seltiyle azaldigi veya arthigl durumlarda, bu degisim de kisa
gore daha kiguk olmaktadir. Benzer orlintii, Varney (1920),
Smallshaw (1953), Lull ve Ellison (1950), Hanson (1982) gibi
yazarlar tarafindan gesitli ABD eyaletlerinde tespit edilmistir.
istasyonlarda 6lgiilen yagis miktarinin niceligi gradyanin nice-
ligini de dogrudan belirlemektedir. Bunda gradyan hesabinin,
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Sekil 3. Belirlenen istasyon ciftlerine ait yillik yagis gradyani
Figure 3. Annual precipitation gradient in the identified station pairs

-150

' SN
Ry = KARADENI Z
T8 Kkdareli omop)
b~ . -
i : Karabuk‘AKﬂs‘mond =
a4 ~ Bt amsu o iz AVIN - Arqdhdh
y P o AR z
“/ Sgirya U - 7 Yoril? el
9 : Gankint - Gorum ‘_.':MGSY"* % Gumugha‘,,,,
Bileck b=k L Tokate s . Baybuif )
Eekifohic AT fnioie, sy LT 8 M o
: S i 4 i R | Sivas ... Erzincan o
A 4 3§ e i Kirgehird - 4 SN Mdnceli o
o b - o . " Bingol .
" Ugak nkarahisar Tuz 30 A (Y Flazig. - 4R g' - Mug Van g
Gola__ Nevsehir- < Kaysen, : = bt Bitis  GOld s van L
- Arganag Malatya .o~ ) g
Yﬂ,'ﬂ,--""‘Qen?zh . Diya'y_nak" 5 Siitt o e
; " Burdur SPAM@ - Konya " ' { -~ Adyeman - Batman akiari,
K I'd ” W o . "
T 4 ‘KMarag g 4 N
. iy 'g Mardin =~ = ¢ 7 ° L) (,/r{*(
Karaman 4 Yaniye' . Sanlurfa: T ‘|
i) Mersin | £ KI'aZIaZEpN B N
. af TR "///
ey {
t
\ ;
\-
o

(mm)

450

75 100 150

300



56 Kirci & Yilmaz / Tiirk Cografya Dergisi 82 (2023) 51-62

{
}Ocak' (January)

Sekil 4. Belirlenen istasyon giftlerine ait aylk yagis gradyanlari
Figure 4. Monthly precipitation gradients in the identified station pairs

karmasik formilasyonlar icermeyecek kadar yalin olmasi etkili  pit edilenden farkli olacaktir. Clyde (1931)'in da belirttigi gibi
olmaktadir. Calisma kapsaminda 2005-2021 periyodu incele- gradyan, yagisin bir fonksiyonu olarak zamanla degismektedir.
meye alinmistir, ayni giftlerde bagka bir zaman diliminde grad-  Bir yer i¢in her zaman gecerli sabit bir gradyan tespit etmenin
yan hesaplandigi taktirde, bulunan sonug, bu calismada tes- imkansizligindan 6tiird, bu ¢alismada esas olarak gradyanlarin
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Sekil 5. Turkiye’de aylik pozitif ve negatif yagis gradyanlarinin mutlak degerlerinin ortalamasi
Figure 5. Average of absolute values of monthly positive and negative precipitation gradients in Turkey

ne oldugundan c¢ok, pozitif ve negatif gradyanlarin gosterdigi
yil icerisindeki dagilis 6rlintlisi Gzerinde durulmaktadir.

Turkiye’de belirlenen cgiftlerde hesaplanan negatif gradyan-
larin sayisinin kisin yaza gore fazlalashig dikkati gekmektedir.
Glazirin (1997) Tanri Daglari’'nin kuzeyinde gerceklestirdigi ¢a-
lismasinda yazin pozitif gradyan tespit ederken, kisin negatif
gradyan tespit etmistir ve bu durumun yogusma seviyesiyle
iliskili olarak ortaya ¢iktigini 6ne stirmistar.

Genel olarak alt troposferin sogumasiyla yogusma seviyesinin
algaldigi kabul edilir (Kollias vd., 2009). Dolayisiyla kisin yogus-
ma seviyesinin yaza gore daha algakta olmasi beklenmektedir.
Yogusma seviyesinin ya da baska bir deyisle bulut tabaninin
Ustlindeki bir seviyede yagis gorilemeyecegi gbz 6niinde bu-
lunduruldugunda, teorik sekil (Sekil 8) pozitif-negatif gradyan
kurulma durumunu agiklamaktadir. Sekil, ocagin subattan, su-
batin marttan daha soguk oldugu varsayilarak tamamen ter-
mik kosullarla uyumlu dogrusal bir iliskiyi yansitmaktadir. Or-
negin yogusma seviyesi subat-kasimdaki gibi bir konumdaysa
A ve B yagis Olgerleri arasinda pozitif gradyan goriilmesi olasi
iken, B ve C yagis olgerleri arasinda gradyan negatif olacaktir.

ikinci bir teorik arka plan, yogusma siireci disiiniildiigiinde
ortaya ¢ikmaktadir. Ciy noktasi sicakhgi, bulut tabaninin kurul-
dugu seviyedeki sicakhktir. Buna goére, yogusma icin ya hava
parseli ¢ciy noktasi sicakligina kadar sogumali, ya da hava parse-
linin nem icerigi artmahdir. Birinci durum, herhangi bir su kit-
lesine yakinliktan ¢cok da etkilenmeksizin kis sartlarinda; ikinci
durum ise su kitlesine yakinhgin etkisinin iyice belirginlestigi
yaz sartlarinda gecerlidir. Baska bir acidan, denizden uzak kara
iclerinde yogusma seviyesi termik kosullarla uyumlu bir sekil-
de degisirken, su kiitlesine yakin yerlerde seviye, sicakhgin ve
nemliligin bileskesi olarak belirmektedir. Bu bakimdan, denize
yakin yerlerde yogusma seviyesinin daha diizensiz olmasi bek-

lenmelidir. Yagis ile yogusma seviyesi arasinda giicli bir iliski
oldugu (Kollias vd., 2009) dikkate alinirsa, yagis diizensizligi de
denize yakin yerlerde artmalidir. Nitekim, Yilmaz vd. (2012),
Turkiye’de en fazla yagis dizensizligini, kiyi bolgelerde belir-
lemistir. Kiy1 bolgeler icerisinde ise sirasiyla Karadeniz, Ege ve
Akdeniz seklinde artan dizensizligin, deniz suyu sicakligi arti-
siyla uyumluluk géstermesi dikkat ¢ekicidir. Sicaklik ve nemlilik
yogusma seviyesini; yogusma seviyesi, yagisi-yagis gradyanini
kontrol etmektedir.3

Turkiye'de yagis dlzensizliginin incelendigi calismada (Yilmaz
vd., 2012), Keban Baraji ¢evresindeki diizensizligin de en az
Karadeniz Bolgesi'ndeki kadar olduguna ulasiimistir. Keban
Baraji kuzeydogusunda olusturulan Hozat (1485 m) - Pertek
Asagi Gulbahge Koyl (1056 m) giftinde, negatif gradyan gorul-
me yizdesi yil boyunca 50’yi gegmemekle birlikte (Sekil 9), ya-
zin diger aylara gore negatif gradyan gorilmesi daha olasidir.
Sicak aylarda buharlagsmayla atmosfere saglanan daha fazla su
buhari yogusma seviyesinin ylkselmesini sinirlamaktadir.

Nevsehir Platosunda, algak istasyon olarak 905 m’deki Giilsehir
istasyonuyla; 1275 m’deki Hacibektas, 1260 m’deki Nevsehir ve
1250 m’deki Acigdl istasyonlariyla 3 gift ve Acigol ile Glizelyurt
(1524 m) istasyonuyla 1 olmak lzere 4 cift belirlenmistir (Se-
kil 10). Bu ciftlerde negatif gradyan goriilme ylzdesi ilkbahar
aylarinda 40’lar civarindadir. Kis aylarinda ylzdenin biyida-
gind (kismen Acigdl-Gllsehir cifti hari¢ tutulursa) sdéylemek
mimkindir. Burada dikkati ¢eken, yogusma seviyesinin yiik-
sek oldugu, bu sebeple pozitif gradyanin beklendigi yaz ayla-
rinda negatif gradyan gorilme yizdesinin, kistaki kadar ylksek
olabiliyorken (%70-90), cok dlsiik de olabilmesidir (%0-15).
Birbirine yakin bu ciftlerde ilkbaharda gozlemlenen tutarliliga
karsit olarak, yaz aylarinda beliren bu uyusmazhgin konvektif
yagis hiicreleriyle alakali olarak ortaya ¢iktigi distnilmekte-
dir. Sharon, (1972), yillik yagis miktarinin 30-35 mm arasinda

3 Yagis gradyaninin, yalin bir esitlikle elde edilmesinin, yagis ve yagis gradyani arasindaki dogrusal iliskiyi bozmadigi diisiiniilmektedir. Daha énce belirtildigi gibi

yagis gradyani, yagisin dogrudan bir ifadesidir.
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Sekil 6. Turkiye'de belirlenen istasyon giftlerinde aylik negatif gradyan gorilme ytizdeleri
Figure 6. Monthly negative gradient percentages in the identified station pairs in Turkey

degistigi Arava Vadisi'nde (Olii Deniz giineyi, israil) yagis de- hiicrelerinin rastlantisal gelisimiyle uyumlu degismektedir. Bu
seninin zamansal ve mekansal baglamda gii¢lu bir dizensizlik hiicrelerin ortalama ¢apini 5 km olarak bulan Sharon (1972),
sergiledigine ulasmistir. Gorece dizenli desen, daha ¢ok kis  kurak ortam kosullarinda hiicrelerin birbirinden zamansal ve
aylarina rastlar; ilkbahar ve sonbahar yagislari konvektif yagls mekansal olarak belirgin bir sekilde ayrildigini, nispeten nemli
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Figure 7. Station pairs where the monthly negative gradient percentage is greater than 50

yerlerde hiicrelerin kiimeler olusturabilecegini ya da birbirine
yakin gelisebilecegini tartismaktadir. Kuraklik Nevsehir Plato-
sunda, Arava Vadisindeki kadar siddetli olmasa da yazin bura-
da konvektif yagis hiicreleri gelisebilmektedir. Hlcrelerin sinirli
etki alanlari, ¢ift olarak belirlenen her iki istasyonun da ayni
yagisi alip almadigini belirsizlestirir. Bagka sozlerle, 6rnegin bir
istasyon bir hiicreden gelen yagisi 6lgebilirken, digerinin hiicre-
nin disinda kalmasi, disarida kalanin yiiksek veya algak istasyon
olmasina bagli olarak her iki gradyanin da ortaya ¢ikmasini es
olasilikh kilmaktadir. Yagis hiicrelerinin etkili oldugu sahalarda
ve zaman dilimlerinde gradyani 6ngorebilmek gliclesmektedir.

Ering (1961)’'in Dogu Karadeniz'de fon etkisini inceledigi Gi-
resun, Trabzon ve Rize istasyonlariyla giftler olusturulmustur
(Sekil 11). inisdibi (1113m) - Giresun (38 m), Macka Altindere
(1030 m) - Trabzon (25 m) ve Andon (615 m) - Rize (3 m) istas-
yonlariyla olusturulmus ciftlerde sonbahar sonu-kis basinda
negatif gradyan goériilme yizdesi 80’ler civarindadir, subata
dogru 40-60 seviyelerine kadar dismektedir. 3 giftte de kisin
negatif gradyan goriilme yuzdesi, beklendigi gibi yazdakinden
daha yiiksektir. Ancak yil icerisindeki en duslk ylzdeler yaza
degil, ilkbahara rastlamaktadir. Ering (1961)'in de belirttigi
gibi bu mevsimde fon etkili olmaktadir. Yogusma seviyesinin
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Sekil 8. Yogusma seviyesinin aylara gore degisimi
Figure 8. Variations of condensation level by months
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Sekil 9. a) Hozat-Pertek Asagigllbahge Koyl giftinde negatif yagis gradyani gorilme ylzdesinin aylara gore degisimi, b) Hozat-Pertek Asagigtlbahge Koyu cifti

cevresi yikselti haritasi

Figure 9. a) Variations of the percentage of negative precipitation gradient in Hozat-Asagigulbahce Koyu pair by months, b) Elevation map of around Hozat-A-

sagigulbahce Koyu pair
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Sekil 10. a) Nevsehir Platosundaki istasyon giftlerinde negatif yagis gradyani goriilme yiizdesinin aylara gére degisimi, b) Nevsehir Platosundaki istasyon giftleri

yukselti haritasi

Figure 10. a) Variations of the percentage of negative precipitation gradient in station pairs in the Nevsehir Plateau by months, b) Elevation map of station pairs

in the Nevsehir Plateau
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Sekil 11. a) Dogu Karadeniz'deki istasyon ciftlerinde negatif yagis gradyani gériilme ytizdesinin aylara gére degisimi, b) Dogu Karadeniz'deki istasyon ciftleri

yukselti haritasi

Figure 11. a) Variations of the percentage of negative precipitation gradient in station pairs in the Eastern Black Sea by months, b) Elevation map of station

pairs in the Eastern Black Sea

algalmasi, fon kosullarinda olanaksizlasmaktadir. Fon periyo-
duigerisinde gorilen yagislarda negatif gradyan neredeyse hig
kurulmamaktadir.

Antalya Korfezi'nde bati-glineybatili yagis sistemlerini dik karsi-
layan kiyilarda, Sutguler (985 m) - Bucak Karacadren (377 m),
Derebucak (1275 m) - Manavgat Beskonak Orman Sahasi (142
m), Akseki Cevizli Tekebeli Mevki (1420 m) - Manavgat Orman
Sahasi (998 m) ve Sariveliler (1655 m) - Gazipasa (21 m) olmak
lzere 4 cift olusturulmustur ( Sekil 12). Ciftlerin hepsi benzer

oruntuye sahiptir. Kisin %60’tan daha az olmayan hatta %100’0
bulan bir dlizeyde negatif gradyanin goriilmesi s6z konusudur. Yil
icerisindeki en dusuk diizeyler, beklendigi gibi yaz aylarindadir.

Yagis gradyani lGzerinde yogusma seviyesinin etkisine isaret
eden Glazirin (1997), bu sonuca Tanri Daglar’’nin kuzeyinde
ulasmistir. Turkiye’de karasalligi ve yiikseltisi bakimindan Tanri
Daglari'na en benzer 6rnek Erzurum’da olusturulmustur (Sekil
13). Burada ulasilan sonuglar Glazirin (1997)’in sonuglariyla
uyumludur. Buna goére Yakutiye Kirkgéze Dumlu (2666 m) - Er-
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Sekil 12. a) Antalya Korfezi dogusundaki istasyon ciftlerinde negatif yagis gradyani goriilme ylzdesinin aylara gore degisimi, b) Antalya Korfezi dogusundaki

istasyon ciftleri ytikselti haritasi

Figure 12. a) Variations of the percentage of negative precipitation gradient in station pairs in east of Antalya Gulf by months, b) Elevation map of station pairs

in east of the Gulf of Antalya
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Sekil 13. a) Yakutiye Kirkgoze-Erzurum giftinde negatif yagis gradyani gorilme yiizdesinin aylara goére degisimi, b)Yakutiye Kirkgéze-Erzurum gifti gevresi ylkselti

haritasi

Figure 13. a) Variations of the percentage of negative precipitation gradient in Yakutiye Kirkg6éze-Erzurum pair by months, b) Elevation map of around Yakutiye

Kirkgoze-Erzurum pair

zurum (1860 m) giftinde negatif gradyanin gorilme ylzdesi
kisin 80’den az degilken, yazin 20’ye kadar diismektedir.

Atalay (2010, s. 476) Dogu Karadeniz'de denize déniik yamag-
larda yagisin yukseltiyle artisinin belirgin olmadigini, artma-
dan soz edilecekse bunun icin sicak periyodun daha uygun
oldugundan bahsederek Glazirin (1997)’in tespitiyle 6rtlisen
bir 6zellige isaret etmektedir. Bu ¢alismayla belirlendigi Gizere
kisin ciftlerde negatif gradyan gorilme ylzdelerinin, yazda-
kinden daha buyik olmasinin muhtemel agiklayicisi yogusma
seviyesidir. Sonug olarak, bu calismanin c¢iktilarini, yagis grad-
yaninin, yogusma seviyesi tarafindan; yogusma seviyesinin de
sicakhk ve nemlilik sartlari tarafindan kontrol edildigi seklinde
ozetlemek mimkindir. Konvektif yagis hiicrelerinin etkili ol-
dugu zaman dilimlerinde ve sahalarda gradyanin ne olacagini
ongorebilmenin ise gii¢ oldugu anlasiimistir. Bununla birlikte,
yagis-ylkselti, yogusma seviyesi-yagis gradyani iliskilerini ay-
dinlatmak Gzere daha kapsamli ¢calismalara ihtiyag vardir.
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Land Change Science (LCS), as a coupled human-environment system, is a multidiscip-
linary area that explores the dynamics of land use and land cover to understand key
theories, problems, methodologies, and model applications. The present review integ-
rated the research that have been conducted in the savanna ecosystem of Sub-Saharan
Africa from a geographical perspective. The present study elaborates contemporary is-
sues and thoughts in terms of several key aspects: (1) Impacts of protected areas on the
surrounding natural environment, wildlife, and socio-economic activities of humans, (2)
with the impact of new developments in remote sensing (RS) technology, observations
of land change and the changes in the relationship between ecology and RS, (3) the
effects of developments in RS on our environmental perspective and new connection
opportunities for interrelated scientific disciplines, (4) the vulnerability of the savanna
vegetation due to its multilayered and complex structure. Due to the changing climatic
conditions, it is inevitable that ecosystems will encounter various problems in the near
future, especially in Sub-Saharan Africa. Understanding the complex savanna ecosystem
remains a challenge for researchers. Therefore, it is very essential to observe better and
understand the nature and socio-economic cycle of human for a sustainable future of
savanna ecosystems.

Biitiinlesik bir insan-gevre sistemi olarak Arazi Degisim Bilimi (ADB), temel teorileri,
sorunlari, metodolojileri ve model uygulamalari anlamak igin arazi kullanimi ve arazi
Ortiisiiniin dinamiklerini arastiran multidisipliner bir bilim dalidir. Derleme seklindeki
bu ¢calisma Sahra Alti Afrika’daki savan ekosistemi bélgelerinde bugiine kadar yapilmis
olan ¢alismalari bir araya getirerek cografi bir perspektif ¢cercevesinde incelemektedir.
Yapilan ¢calismada; (1) Sahra Alt Afrika’da, korunan alanlarin, bu alanlarin sinirlarindaki
insan yasami ve onlarin sosyo-ekonomik faaliyetlerin yani sira dogal cevre ve vahsi
yasam lzerinde énemli éiclide etkiye sahip oldugunun anlasiimaktadir. (2) ADB alaninda
uzaktan algilama (UZAL) teknolojisindeki yeni gelismeler, arazi degisimi gézlemlerinin
yani sira ekoloji ve UZAL arasindaki iliskiyi de etkilemektedir. (3) UZAL teknolojisi ekolojik
perspektif bilgimizi gelistirdigi gibi ayni zamanda birbiriyle iliskili teknolojisi ekolojik
perspektif bilgimizi gelistirdigi gibi ayni zamanda birbiriyle iliskili bilimsel disiplinlerle
baglanti kurmak icin yeni firsatlar da yaratmistir. (4) Savan bitki értiisi, katmanli ve
karmasik yapisi nedeniyle diger bircok ekosistemden ¢ok daha kirilgandir. Bu nedenle,
degisen iklim kosullari ve gevresel degisimler nedeniyle Gzellikle Sahra Alti Afrika’da
ekosistemlerin yakin gelecekte cesitli sorunlarla karsilasmasi kaginilmazdir. ADB’deki
yeni gelismelere ragmen bu karmasik ekosistemi anlamak arastirmacilar igin bir zorluk
teskil etmeye devam etmektedir. Dolayisiyla savan ekosistemlerinde stirdiiriilebilir bir
gelecek icin dogal yasam ve sosyo-ekonomik déngiiyii daha iyi gézlemlemek ve anlamak
oldukga 6nemlidir.

1 This study was produced from the first author’s doctoral thesis.
2 Bu calisma birinci yazarin doktora tezinden Uretilmistir.
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1. Introduction

The hydrosphere, geosphere, biosphere, and atmosphere are
changing from their natural states in the traditional sense be-
cause of increased human consumption needs (Goudie, 2008).
One of the key questions from the past and present regarding
the conflict of human-environmental systems is: “Do land use
activities degrade the global environment in ways that ultima-
tely harm ecosystem services, human well-being, and long-
term sustainability?” (Turner et al., 2007). As an integrated
human-environment system, LCS has emerged as an area that
studies the “dynamics of land use and land cover (LULC) to
understand fundamental theories, problems, methodologies,
and model applications” (Takada et al., 2010). According to
Turner and colleagues (2007) “LCS” is a primary element of
global environmental research for sustainable land use. The
four fundamental objects of LCS are (1) monitoring the conti-
nuing land change on the surface of the earth, (2) considering
the LULC changes as part of the human-environment systems,
(3) modeling the spatiotemporal changes of land, and (4) the
implications of policy and management outcomes for resilien-
ce, vulnerability, and sustainability of the land use (Rindfuss et
al., 2004; Hirota et al., 2011).

LCS is a recently developing field of science that aims to un-
derstand the causes, shapes, rates, and consequences of
changing lands (Ozdes, 2023a). As a research area focused on
exploring human and environment interaction using geograp-
hic information systems (GIS), LCS utilizes remote sensing data
and tools specially to comprehend the dynamics of LULC as a
factor of human-environment system (Baker, 1989; Ozdes et
al., 2019). The focus area of LCS can be defined as theoretical,
conceptual, modeling and applications related to environmen-
tal and social issues using pragmatic approaches (Figure 1).

A well-established scientific assessment on land changes requ-
ires human-environment interaction and cause-effect relati-
onship from a geographical perspective, as well as monitoring
and recording the changes of land surface over a long-time
period (Rindfuss et al., 2004). Billie Lee Turner Il. as an Ameri-
can geographer and human-environmental scientist is widely
recognized as the pioneering geographer who introduced the
term “Land Change Science” in scientific literature (Turner,
2002). Therefore, it would be appropriate to acknowledge
Turner as one of the key figures in the development of Land
Change Science, often referred to as its founding father (Figu-
re 2). Turner and colleagues (2007) point to the followings as
the most crucial contemporary research questions in the LCS
field: (1) What changes are occurring in the terrain and what
are their spatiotemporal applications? (2) What are the effects
of such changes on the land for the environment and people,
and how can the two be linked? (3) How can we integrate the
perception of human-environmental system into a theory of
land change systems and what are their implications? (Turner
and Robbins, 2008; Lambin et al., 2001).

In LULC studies, particularly in studies involving time series
analysis, remote sensing technology and the existing obser-
vational capability from airborne and space-based sensors,
have a promising future. Nevertheless, it is essential to ack-
nowledge that despite the progress made, several limitations
in the field have yet to be addressed (Southworth & Muir,
2021; Southworth et al., 2016). As a result, substantial ongo-
ing efforts are being devoted to further advancements in this
domain.

Agricultural land is unquestionably one of the research areas
where remote sensing and GIS techniques are most common-
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ly used (Ozsahin et al., 2022a). The physical characteristics of
agricultural lands determine the productivity and thus the ca-
pacity to meet human needs (Ozsahin & Ozdes, 2022a). Pro-
per land use is one of the most important factors in achieving
optimum agricultural productivity while ensuring the sustai-
nability of ecosystems as well (Ozsahin et al., 2022c). Sustai-
nable use of land resources is required due to geographic pat-
terns of biophysical limits, the possibility for growing crops on
specific types of land, and future implications of climate chan-
ge (Ozsahin et al., 2019; Ozsahin & Ozdes, 2022b). Therefore,
the evaluation of land suitability in agricultural land should be
considered as one of the most important applications of re-
mote sensing and GIS.

Land change science faces challenges in integrating data, met-
hods, and analyses due to technological and socio-cultural dif-
ferences. Scaling issues arise when considering the dynamic
interplay of time, space and human factors. Standardizing the
scale or resolution used in data analysis is critical for consis-
tency and reliability (Rindfuss et al., 2004). Dynamic factors
in scaling include changes in land parcels, property rights,
leasing, and zoning. Furthermore, land use complexity arises
from the diverse utilization of the same land over time, as well
as the concurrent occurrence of multiple uses (Brown et al.,
2000). Mismatched boundaries between remote sensing data
and land parcels are also a challenge. Excluding inaccessible
or data-poor areas can lead to biased results (Rounsevell et
al., 2012). Although high-resolution satellite imagery is helpful
in detecting land cover classes, it has limitations in terms of
interpretation errors, incompleteness, and obsolescence. Re-
motely sensed data allow for pixel-based inspection and clas-
sification, allowing for remote land measurements. However,
the parcel-pixel relationship is uncertain in local socio-cultural
studies and poses even more challenges (Brown et al., 2000).
On the other hand, there is limited research in land change
science to determine the most effective methods to overcome
these challenges.

The sustainable management of savanna ecosystems is essen-
tial for the well-being of both humans and the environment.

However, savanna ecosystems are under threat from a variety
of factors, including climate change, land degradation, and
overexploitation of lands. Further research, monitoring, and
protection of savanna ecosystems is urgently needed to ensu-
re their long-term sustainability.

The present review aims to detail the main principles guiding
new concepts of likely drivers of LULC change in savanna sys-
tems in Sub-Saharan Africa and help respond to important
questions in the LCS field in regard to remote sensing rese-
arch. It is well known that land cover in savanna ecosystems
is vulnerable to changes (van Wilgen & Biggs, 2011). Previous
studies have shown that land cover compositions in savanna
ecosystems have changed drastically in recent decades due
to changes in protected area management policies, climate
change, and other anthropogenic factors (van’t Veen et al.,
2021; Ozsahin et al., 2022b; Ozdes, 2023a). Additionally, the
decision-makers, impact of tourism, changes in the population
of large carnivores, fire policies, and co-management policies
of settlers may mirror issues in numerous savanna locations in
the Sub-Saharan Africa (Southworth & Muir, 2021). To impro-
ve adaptive management and the sustainability of protected
areas, it is essential to understand the relationship between
LULC and environmental parameters in savanna ecosystems
(van Wilgen et al., 2008; Armitage et al., 2009). Therefore, the
present review could potentially provide guidance for further
research in savanna ecosystems.

The present review provides a comprehensive overview of
the current state of knowledge and research on savanna land
change from Sub-Saharan Africa and other regions and pers-
pectives. The review is organized into the following sections:
(1) Introduction, (2) current state of land change science rese-
arch in African savanna ecosystems, (3) savanna ecosystems
(4) shrub encroachment in savanna ecosystems (5) remote
sensing of savannas (6) parks and protected areas in sub-sa-
haran Africa (7) land change in and around protected areas (8)
conclusions, implications, and future directions of land chan-
ge science in savanna ecosystems.
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2. Savanna Ecosystems

A savanna ecosystem is defined as an ecosystem characteri-
zed by the presence of grasses and sparsely distributed trees,
in which diverse communities of organisms interact to form
a complex and interconnected food web. Typically, two main
land cover types that considered as savanna systems are
grassland and the tree cover (Sankaran et al., 2005). However,
most researchers divide woody cover up to three subcatego-
ries, such as shrubs, brush, and trees (Venter, 1992; Wessels
et al,, 2011; Kiker et al., 2014). On the other hand, savanna
ecosystems are naturally unstable combinations, rather than
a balanced combination of trees and grasslands, because of
disturbances such as grazing, fire, and fluctuations in precipi-
tation over time (Scholes & Walker, 1993).

The savanna ecosystem, while recognized for its resilience,
exhibits a higher susceptibility to changes compared to other
ecosystems due to the intricate complexity and structure of
its vegetation (Campo-Bescos et al., 2013). Consequently, the
layers of vegetation frequently undergo replacement. Howe-
ver, the vulnerability of savanna vegetation is intimately in-
tertwined with climate, herbivores, and wildfires. Any modi-
fications within these components of the biome can lead to
significant alterations in the entire vegetation structure. Thus,
considering the vulnerability of Sub-Saharan Africa’s savannas
to climate change, it is plausible to anticipate potential envi-
ronmental impacts in the region’s future (Biggs, 2003; Bucini
et al., 2010; Wessels et al., 2011; Bunting et al., 2016).

Significant emphasis has been placed on investigating anthro-
pogenic-induced modifications in global land use patterns in
recent decades. Particularly over the past thirty years, there
has been a substantial focus on interdisciplinary and inter-
national research examining the impacts of human activities
on land cover changes (DeFries et al., 2010; Wittemyer et al.,
2008). However, comprehensively studying the intricate sa-
vanna ecosystem and the associated land cover transforma-
tions continues to pose challenges for scientists, extending
beyond the limitations of remotely sensed data and data
availability. This challenge is expected to persist in the future
(Southworth et al., 2004).

Tree cover has a significant impact on the proper functioning
of savanna ecosystems. These impacts can be found in diffe-
rent areas, including negative effects on productivity, evapo-
ration rates, hydrology, nutrient cycles, and soil erosion. (San-
karan, et al., 2008). Research has been focused on computing
the interactions between savanna structure and the environ-
mental variables to identify their sensitivity to climate change
related LULC. The relationship between the woody compo-
nents and grassland in savanna biomes is of particular interest
(Bucini et al., 2009). Previous studies have shown a strong po-
sitive dependency of plant growth on mean annual precipita-
tion (MAP) between 200 and 700 mm per year (Gibbes et al.,
2014). The threshold for MAP reliance was found to be insig-
nificant when the effects of other observed predictors, such
as fire, grazing, and logging, are considered (Sankaran et al.,
2005). Studies in Sub-Saharan African savannas have explored
the impact of key environmental factors on vegetation growth
along physiographic gradients, including their role and mag-

nitude (Campo-Bescés et al., 2013; Hoell et al., 2015). These
studies commonly utilize the Normalized Difference Vegeta-
tion Index (NDVI) as a measure of vegetation greenness be-
cause it has been established as a dependable biomass index
in most savanna ecosystems (Wessels et al., 2006). However,
due to variances in land use decisions and management pra-
ctices, the dynamics of these components exhibit significant
variability in savanna regions and are unpredictable in most
cases (Fullman & Child, 2013; Fullman et al., 2017). Therefore,
it is unclear what promotes tree-grass coexistence and exactly
what criteria influence the relative proportions of the two for-
ms of flora in different savanna regions (Bond, 2008; Bardgett,
etal, 2021).

For decision-makers, it is essential to comprehend regional
variations in natural processes and the effect of land use ma-
nagement on savanna structure. That is, managing landsca-
pes and knowing how savanna biomes will be impacted by
future changes in climate and anthropogenic land use depend
on understanding the mechanisms that are causing changes
in savanna vegetation structure and function. Studies have
previously discussed the significance and potential vulnera-
bility of savanna ecosystems in global carbon cycles. Bucini
and Hanna (2007) indicated that controlled fire is essential for
maintaining the equilibrium of grasslands-tree cover and for
the long-term carbon equilibrium. The magnitude of studying
this particular subject will be more acknowledged given that
the African savanna ecosystem contributes significantly to at-
mospheric CO2 emissions, largely through burning savannas
(Sankaran et al., 2008; Smit & Asner, 2012).

In Sub-Sharan Africa, the savanna is a vital habitat for both hu-
man life and wildlife. It is essential to both the production and
security of food around the world. Around 40% of the world’s
population resides in arid and semiarid regions, the majority
of which are covered in savanna ecosystems (Sankaran et al.,
2008; Cui et al., 2013). Savanna ecosystem is heavily utilized
for agricultural activities in addition to its environmental and
economic importance for natural habitat and wildlife. Recent-
ly, human pressure has increased through logging, grazing,
and agricultural activities. Uncontrolled wildfires have increa-
singly affected the distribution and type of land cover and the
loss of trees (Soulard et al., 2016). In some areas, increasing
human pressure and decreasing rainfall have led to degradati-
on of plant cover, and even desertification, loss of plant cover
and shrub encroachment (Jacquin et al., 2010). Therefore, it
is essential for policy makers and land managers to quanti-
tatively evaluate the LULC of savanna change to help policy-
makers more effectively manage these key systems that are
currently experiencing significant change.

3. Current State of Land Change Science Research in African
Savanna Ecosystems

In sub-Saharan Africa, the savanna ecosystem provides a vi-
tal habitat for both human and wildlife. The production of
food on a worldwide scale and the security of food supply for
both people and the local wildlife depend heavily on these
semi-arid regions of the planet. Over 40% of the world’s po-
pulation lives in regions with savanna vegetation and other
dry or semi-arid climates (Sankaran et al., 2008). These areas
have economic value for both governments and individuals,
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but they also have a variety of wildlife and natural habitat.
On the other hand, recent human influences, such as overg-
razing, agricultural operations, uncontrolled wildfires, and the
manufacturing of charcoal, have, nevertheless, gradually alte-
red how the land cover is distributed. This change is known as
“woody cover loss”. Furthermore, it has led to a disruption in
the endemic vegetation cover and an invasion of shrubs in the
African savannas (Jacquin et al., 2010). To better understand
the trajectory of land change and its effects, it is crucial for
land managers, policy makers, and governments to accurately
quantify the LULC changes in savanna ecosystems.

Protected areas in savanna ecosystems have various challen-
ges. Research in Sub-Saharan Africa has shown that forest area
has decreased significantly since the beginning of the 21st
century, but under current conditions, it is highly likely that it
will continue to decline over the next few decades (Potapov et
al., 2022). It is hypothesized that one of the primary reasons
for this decline is linked to the increase in elephant populati-
ons in some protected areas that previous researchers have
showed (Fullman and Child, 2013). Fullman and Child (2013)
indicated that although presence of elephants attracts more
visitors, they have also become a major administration prob-
lem in some key protected areas such as the Kruger National
Park (KNP) in recent years. However, in contrast to the KNP, fo-
rest areas have increased in the Limpopo National Park (LNP),
which is located in Mozambique and adjacent to the KNP. The
fact that this park is a relatively new compared to KNP, may
also have affected the difference between the two. Likewise,
the vegetation of Kafue National Park (KANP), which is located
in Zambia, has been well preserved inside the park. However,
the expanding human population in the area surrounding
KANP has turned into a major issue for both the park’s admi-
nistration and the Zambian government. As a result of rising
human population and activities such as agriculture and sett-
lement, a large amount of forest loss has taken place surroun-
ding the park. It is most likely that these activities place extra
stress on the flora and fauna of the protected areas. In ge-
neral, it is crucial to consider the “whole picture” while plan-
ning such significant wildlife sanctuaries, considering both the
protected area itself and the activities that take place around
them. Otherwise, it would not be unexpected if protected are-
as turned into isolated eco-islands in the near future.

Studies in southern Africa have addressed the rates of defo-
restation caused by clearing for agricultural land and charcoal
production (Geist, 1999; ZAWA, 2010; van’t Veen et al., 2021).
Increased improper land use is another crucial issue harming
wildlife and livelihoods in savanna environments. (DeFries et
al., 2007, 2010; Watson et al., 2015; Wittemyer et al., 2008).
However, there is a need for an integrated approach to hu-
man-environment interactions, such as national parks and
their buffer zones for specific livelihoods in the savanna regi-
ons of Africa, to address the ‘edge effect’ of these interactions
around protected areas. Edge effects can significantly impact
on the natural ecosystem of livelihoods (DeFries et al., 2007;
Hansen and DeFries, 2007; Joppa et al., 2009; DeFries et al.,
2010; Mondal & Southworth, 2010).

The effective dimension of the ecosystem and the ecological
flows play a significant role in savannah regions. Changes in
LULC around livelihoods may overlook potential unique habi-

tats and have an irreversible effect on the source-sink subtle-
ties of ecological environments (Hansen & DeFries, 2007). The
administration of livelihoods focuses on ecosystem resilience
and maintenance by using adaptive management techniques
that support social and environmental interactions while en-
couraging the heterogeneity of vegetation cover and biodiver-
sity (Olsson et al, 2007; Cheong et al., 2012). Therefore, it is
important to explore the edge effects around protected areas
and to better recognize the long-time consequences of LULC
change. This is particularly important in regions where human
settlements are the dominant driving force behind LULC chan-
ges. Most livelihoods in African savanna biome experience
edge effects, but each livelihood experiences them differently,
depends on several factors. For example, KNP is being destro-
yed by large herbivores such as elephants (Fullman and Child,
2013). KANP and LNP, on the other hand, seem to be lacking
sufficient number of large animals. Thus, while forest area is
generally decreasing in KNP, it is increasing in KANP and LNP.
Additionally, shrub encroachment is a continuing problem in
KNP, but a decreasing trend of shrubs is observed in KANP.
LNP, on the other hand, does not show a decreasing trend, but
the level of shrub is seen to be stable.

Research utilizing LCS has indicated that savanna ecosystems
are subject to encroachment by human activities. Neverthe-
less, accurately quantifying the magnitude of this encroach-
ment is often misrepresented due to various factors, including
cloud cover in satellite imagery, areas affected by fire, and
improper application of remote sensing techniques. Complex
savanna landscapes are difficult to adequately describe using
conventional classification algorithms. Additionally, savanna
landscapes have frequently been incorrectly classified in lar-
ge-scale studies (Hansen et al., 2013; Friedl et al., 2014), un-
derestimating the level of human encroachment (Vinya et al.,
2011), or under considered in governmental reports (ZAWA,
2010). However, recent advancements in research have emp-
loyed machine-learning algorithms to classify the primary
land covers within savanna ecosystem regions using medium-
to high-resolution satellite data collected over extended time
periods. These approaches have demonstrated improved ac-
curacy in detecting land changes in Sub-Saharan Africa. To hi-
ghlight the human impact within these vital savanna landsca-
pes, the emergence of modern GIS technologies and remote
sensing has enabled us to differentiate between natural areas
and anthropogenic land use.

4. Shrub Encroachment in Savanna Ecosystems

In savanna ecosystems, the shrub encroachment has been ob-
served to be a continual process. Increases in density, cover,
and biomass of shrubs are referred to as “shrub encroach-
ment” (Van Auken, 2009). The phrase “shrub encroachment”
is synonym with a variety of other broad terms including “wo-
ody thickening,” “bush encroachment,” and “shrub invasion”
(Eldridge et al., 2011). Walker and colleagues in the savanna
biomes (Walker et al., 1981; Walker & Noy-Meir, 1982; & Wes-
toby et al., 1989) later developed the idea after it was first
introduced by Walter (1954).

Out of all areas of research in savanna lands one of the most
well-researched occurrences is the shrub encroachment on
savanna landscapes. The primary causes of shrub encroach-
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ment can be linked to both anthropogenic and natural activi-
ties (Maestre & Cortina, 2005). However, in most cases the sh-
rub encroachment is linked to human disturbances including
overgrazing, fire, and other anthropogenic activities (Archer et
al., 1995; Sankaran & Anderson, 2009). Shrub encroachment
is a widespread experience in most of the arid and semi-arid
regions of the world (Eldridge et al., 2011). Due to the combi-
ned effect of grazing and tree cutting, these types of changes
in vegetation formation have increased since the beginning
of the 20th century (Archer, 2009; Pacala et al., 2001; Knapp
et al., 2008). Recent changes in the dynamics of the vegeta-
tion in sub-Saharan Africa are being caused by the increased
dominance of shrub-like plants over grass and tall tree cover
(Blaser et al., 2014). Shrub encroachment threatens 13 million
hectares in sub-Saharan Africa, and the loss of savannah sys-
tems is thought to have an impact on more than two billion
people globally (Adeel, 2008; Archer, 2009).

Multiple plants, including several Acacia species, are linked
to be invasive in the savannah environments of southern Af-
rica: twisted Acacia (Vachellia tortilis), blue thorn (Senegalia
erubescens), blackthorn (Senegalia mellifera), brendi bush
(Grewia flava), sicklebush (Dichrostachys cinerea), silver ter-
minalia (Terminalia sericea) and mopane (Colophospermum
mopane) are some of them (Moleele et al., 2002). In sub-Sa-
haran Africa, the presence of an upper limit on woody vege-
tation, along with increases in MAP, implies that shrub invasi-
on is largely relies on the presence of water (Sankaran et al.,
2005). In such case, even if all other factors remain unchan-
ged, changes in rainfall could be more effective in increasing
the process of shrub encroachment than grazing.

5. Advancements in Remote Sensing of Technology

Remote sensing has developed rapidly in the last 40 years in
parallel with the development of space technology, compu-
ter, and information systems. Approximately four decades
ago, the prospect of accurately mapping the extent of global
forest coverage was a mere aspiration. However, today we
possess the capability to collect and analyze comprehensive
data on global forest gain and loss on a monthly basis. It is
worth noting that the research and methodologies in this field
are still in their nascent stages, necessitating substantial ad-
vancements and progress (Hansen et al., 2013). Remote sen-
sing and GIS have made significant progress in recent years
in a variety of technological fields, from methods to sensors.
This has led to notable improvements in environmental and
ecological monitoring (Hill et al., 2016). It has also enhanced
the connectivity between geography, environmental science,
ecology, and other related disciplines (Southworth & Gibbes,
2010) Additionally, the availability of free high-resolution
and medium-resolution satellite images has made it possible
to map and observe regions with a greater range of analysis
than small-scale landscapes (Cho et al., 2012). Accessing the
ecosystem information via remotely sensed data not only im-
proved our observation abilities, but also created new oppor-
tunities for the social and environmental research areas.

Although there are many limitations yet, remote sensing is a
promising technology in terms of the observation capability
of ground, air, and space sensors (Southworth & Muir, 2021).

Therefore, it should be acknowledged that to strengthen the
connections between remote sensing, LCS, studies of the eco-
nomic and social fabric of human advancement should be ta-
ken into account in addition to ecological field investigations
(Chambers et al., 2007; Pontius et al., 2004). As a result, over
the past 40 years, remote sensing technology has advanced
quickly, enabling precise and thorough mapping of the world’s
forests. Advancements in remote sensing technology has gre-
atly enhanced our understanding of the environmental pers-
pective and has generated new prospects for interdisciplinary
research.

6. Parks and Protected Areas in Sub-Saharan Africa

KNP is among the most varied protected areas in the Sub-Sa-
haran savanna regions in terms of flora and fauna. The park is
located in the Lowveld region of the South African Republic
but have borders with Mozambique in the east and Zimbabwe
in the north. As a result, the area around the park’s boundary
is has a wide variety of economic policies and land use ma-
nagement strategies. Thus, there are various differences in
terms of ecosystems, social structures, and cultural elements.
Any substantial change in the LULC significantly impacts the
social elements and natural environment of the local commu-
nity, which is dependent on the natural resources, agricultural
revenue, and tourists (Munyati & Ratshibvumo, 2010; Shiko-
lokolo, 2010). Therefore, there are numerous reasons to con-
sider and research the LULC change, including the expansion
of the surrounding communities and the sustainability of the
natural ecosystem.

Recently, studies have been conducted using current satellite
images on different subjects. For example, a termite suitabi-
lity study was recently carried out in KNP to better unders-
tand the relationship between plant cover distribution and
termite habitat (Ozsahin et al., 2022b). Using a ten-year land
cover change trajectory within the KNP, a long-term land co-
ver change was previously carried out and provided a better
understanding of plant cover change (Trollope et al., 1998).
Another study that examined the spatio-temporal variation of
the woodland, barren/built, burnt, grassland, shrubland, and
water classes in both the KNP and surrounding landscape mo-
saic from 1989 to 2013 for a period of 24 years (Ozdes, 2017).
This research was conducted on LULC change using Landsat
images at different time points (Figure 3). The study also app-
lied a combination of Cellular Automata and Markov Model to
predict the spatio-temporal trajectory of the land cover chan-
ge by focusing on the boundary between the Greater Limpopo
Transboundary Park (GLTP) in Mozambique and the KNP and
LNP. The main idea of assessing the land in a comprehensive
perspective in this area is based on the opinion that the suc-
cess rate is higher for an internationally large-scale protected
area rather than focusing on smaller protected areas within
a single country (Hansen & DeFries, 2007; GLTFCA, 2016). In
other studies, Cellular Automata and Markov Models are com-
bined to forecast the spatiotemporal course of future land co-
ver change (Hsu et al., 2008; Kamusoko et al., 2009; Mondal
& Southworth, 2010; Kumar et al., 2014; Hyandye & Martz,
2017). As a result, the studies confirm that contrasting the
changes in land cover inside and outside the protected areas
help understanding the factors causing land cover change.
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According to Bischer (2010), the transboundary element has
the potential to greatly improve the benefits that protected
areas now offer to local populations. Conservationists are
prompted to work on a bigger scale by transboundary prote-
cted area operations. Crossing political boundaries is impor-
tant since these boundaries generally do not reflect natural
systems and do not prioritize the protection of the overall
ecosystems. Protected areas that have been combined under
the GLTP concept into one sizable transboundary conservati-
on area include the Gonarezhou National Park, Gonarezhou
regions, the area between Kruger and Gonarezhou, the LNP,
the KNP, the Malapati Safari Park, the Manjinji Pan Conser-
vation Area, and the Makuleke region in Sub-Saharan Africa
with a total area of about 100,000 km?2 (Lunstrum, 2010).
This concept promises to have a positive influence on social,
political, and ecological improvements. These changes range
from the anticipated displacement of a few thousand people
who already reside within the boundaries to numerous and
wide-ranging improvements, such as the removal of any fen-
ces along international political borders and the restocking of
some wild species. A prediction of LULC change will also aid
in a better understanding of how local population relocation,
which began in 1998, and these changes may or may not have
an impact on vegetation cover change. Therefore, this project
may be a way to rationalize and justify a rich transboundary
park in terms of both wildlife and tourism opportunities.

7. Land Change in and Around Protected Areas

Among the various types of governance and management,
one of the most classical ways to protect landscapes and ma-
intain its sustainability is through the development and ex-
pansion of national parks and protected areas. As a general
research statement, LULC changes in the surrounding area of
protected areas have a major effect on protected areas them-
selves (Child et al., 2004; DeFries et al., 2007). In the last three
decades, protection of landscapes as protected areas has gai-
ned particular attention regarding the land dynamics and na-
ture of the protected areas boundaries as well as the surroun-
ding landscapes. Beside human existence and social activities
surrounding the protected areas, natural environment and
wildlife significantly bounded to the protected areas. In addi-
tion, the human presence around protected areas has a direct

impact on the natural cycle of protected areas (Simasiku et al.,
2008; Richardson et al., 2012). Therefore, research shows that
the connection of protected areas with their environment is
important; such that higher connectivity levels can help decre-
ase possible habitat loss and balance the equilibrium in prote-
cted areas and the surrounding landscape (Shikolokolo, 2010;
Lindsey et al., 2014).

The burden on protected areas is increased by human-do-
minated activities such as population expansion, agriculture,
grazing, and other associated activities. The majority of these
activities have the potential to directly impact both protected
areas and their surroundings. Often simultaneous changes in
plant type and structure come from changes in land use, such
as those brought on by shrub encroachment (Sankaran, et al.,
2008). The main causes of shrub encroachment are typically
the disappearance of large trees and pastures because of inc-
reasing grazing, fires, and increase in shrub cover that is not
very advantageous for wildlife. Although ongoing changes in
land use continue to affect many parts of the world, they are
particularly high in Sub-Saharan Africa. Studies conducted in
the last three decades predict that this change will continue to
affect protected areas and that these changes will cause more
shrub encroachment (Venter et al., 2008). One of the major
wildlife locations in sub-Saharan Africa, Kruger National Park
(KNP), has seen a significant increase in shrub infestation over
the past three decades (Dowsett, 1966; Eckhardt et al., 2000).
Beyond wildlife problems in both protected areas and adja-
cent lands, activities in and around protected areas with high
human populations have a critical role in the overall health of
the PA ecosystem. (Hansen and DeFries, 2007).

KANP is located in the northern section of the typical savan-
na ecosystem in Zambia, and the buffer zone surrounding it,
represents another important protected area in Sub-Saharan
Africa (Ozdes, 2017). Surrounded by nine game management
areas (GMAs) makes the importance or the area even greater
in terms of socio-economic activities as well as environmental
factors (Petit et al., 2001; Midlane, 2013; Rduch, 2016). The
environment and vegetation cover in KANP were affected to
different degrees during the 1964 Zambian independence war
(Child, 2009). The Zambia Wildlife Authority (ZAWA) now per-
mits locals to dwell in GMAs as part of its policy (ZAWA, 2010).
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Figure 3. Land cover and land use change within Kruger National Park have been examined by analyzing Landsat images captured at multiple time points over

a comprehensive period of 24 years (derived from Ozdes, 2017).
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Recent study, however, raises the possibility that these sett-
lements could endanger the flora and fauna of the protected
area (Ozdes, 2017). As the largest and oldest national park in
Zambia, KANP has an area of about 22,400 km2 (Ellenbroek,
2012). In addition, it is regarded as one of Sub-Saharan Africa’s
parks with the most biologically diversified flora and animals
Within the park’s boundaries, there have historically been hu-
man settlements and agricultural operations, but today these
regions are off limits (Mwima, 2001). On the other hand, there
has been a significant change in land cover around KANP in
the last three decades (Figure 4). These changes are primarily
due to rapid increase of the local population, which resulted in
increased agricultural activities in the GMAs surrounding the
park, as well as illegal activities such as settlements, poaching,
and burning. Therefore, comparing land cover changes and
additional GMAs in KANP has allowed for a better interpreta-
tion of recent changes.

KANP is one of the natural areas that have not been affec-
ted by excessive anthropogenic impairment in the ecosystem.
Despite the presence of a considerable amount of wildlife in
the park, the exact number of the fauna is still unknown. Ad-
ditionally, there are several areas that need to be researched,
including those involving soil structure, geological formations,
and biological variety in addition to vegetation cover and ha-
bitat alterations (Mwima, 2001).

Recent studies have associated the LULC changes in KANP and
its surroundings with settlement and agricultural changes that

have occurred in this region in the last three decades (Ozdes,
2023b). Studies are continuing to classify LULC more accura-
tely in the area comprising of KANP and surrounding GMAs.
A more detailed representation of the LULC is possible by
combining field data randomly collected for vegetation cover
type and structural classes with satellite remote sensing data,
vegetation indices, and land cover classifiers like Random Fo-
rest. (Breiman, 2001; Prasad et al., 2006; Cutler et al., 2007;
Strobl, 2010; Rodriguez-Galiano et al., 2012). Additionally, im-
provements in LULC change trajectory have made it easier to
comprehend how the vegetation has changed over the past
thirty years.

8. Conclusions, Implications, and Future Directions of Land
Change Science in Savanna Ecosystems

The savanna ecosystem is known for its diversity and the sup-
port it provides for large animals and human populations.
However, despite its ecological importance, it has been over-
looked in terms of understanding its role in global environ-
mental change and socioeconomics. Advancements in earth
observation systems have not been effectively utilized in stud-
ying savanna systems, specifically in identifying main structu-
ral and operational attributes. The use of high-resolution and
medium-resolution data to identify land-use and land-cover
changes in savanna ecosystems presents significant challen-
ges and limitations. Traditional remote sensing methods stru-
ggle to accurately identify the composition of trees, grass, and
shrubs in the landscape. These limitations include a lack of

A) 1987

B) 2015

Legend

[ Kafue NP
[ Study Area
I Woodland
[ Shrubland
[ Grassland
[ Agriculture
B Fallow
B Built

B Water
[ Bare soil

1:2,000,000

Figure 4. Land cover changes in and around Kafue National Park in the past three decades primarily result from population growth, increased agricultural acti-
vities in surrounding GMASs, and illicit practices like settlements, poaching, and burning (derived from Ozdes, 2017).
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frequent imagery, cloud cover, errors in remote sensing data,
and the need for extensive fieldwork to verify data.

Fortunately, new satellites orbiting in space (for example, Lan-
dsat 8 and 9, Sentinel-2) continuously collect low, medium,
and high-resolution data around the world, and many of them
are freely available for scientific research. In addition, more
advanced methodologies such as machine learning and arti-
ficial intelligence (Al) enable better land classification studies
in much larger areas (Ozdes, 2023b). In addition, research is
currently directed towards forecasting potential modifications
in the land cover of savanna ecosystems in the future. Asses-
sing and predicting changes in LULC in sub-Saharan Africa is
crucial in setting goals and determining the success of these
transboundary regions, rather than focusing solely on smal-
ler protected areas within individual countries. Additionally,
using current data and prediction techniques to model the fu-
ture landscapes of protected areas will identify potential chal-
lenges across these areas and provide insight into changes in
neighboring regions.

LCS has become increasingly important in understanding the
dynamics of savanna systems, particularly in remote sensing
applications. Recent advancements in remote sensing techno-
logies have enabled researchers to monitor land cover chan-
ges at large spatial scales and high temporal resolution. These
improvements have led to increased accuracy when mapping
landscapes over time for various purposes such as monitoring
climate change, land degradation, and vegetation health.

The remote sensing technologies used in LCS are now being
utilized to better understand the ecology of savanna systems,
particularly those in sub-Saharan Africa. Researchers have
been able to identify specific species-specific responses to cli-
mate change, land use changes, and seasonal variability. By
monitoring the changes over time, it is possible to develop a
better understanding of how savanna ecosystems respond to
environmental change.

In addition, remote sensing data collected by LCS can be used
to inform policy decisions that can help protect savanna sys-
tems from further degradation. By monitoring land cover
changes over time, policymakers can make informed decisions
about land-use planning and management strategies. This in-
formation can also be used to inform conservation efforts and
identify areas of high ecological value that need protection.

The future of LCS in savanna systems is optimistic, as remo-
te sensing technologies continue to improve and researchers
can develop a better understanding of the dynamics of these
ecosystems. As remote sensing technology advances so too
will the ability to monitor changes in land cover over time and
make informed decisions about conservation efforts. Moreo-
ver, remote sensing data can be used to develop predictive
models that help anticipate future changes in savanna sys-
tems due to climate change or land use changes. This could be
used to inform policy makers of potential management stra-
tegies and identify areas of high ecological value before they
are degraded.

The remote sensing data collected by LCS will not only help in-
form policy decisions but also provide a valuable resource for

scientists looking to better understand savanna ecosystems.
With remote sensing technology continuing to improve and
new applications being explored, remote sensing has the po-
tential to help protect savanna ecosystems from further deg-
radation and ensure their long-term sustainability. The future
research questions surrounding protected area management
and sustainability using remote sensing technologies of savan-
na systems in sub-Saharan Africa are as follows:

1. How can remote sensing data be used to inform poli-
cy decisions for land use and conservation in savanna
ecosystems?

2. How can remote sensing data be used to monitor land
cover changes over time and develop predictive mo-
dels of future changes in savanna systems?

3. How effective are remote sensing technologies at iden-
tifying areas of high ecological value that need prote-
ction?

4. What new remote sensing applications and techniques
can be used to improve the accuracy and precision of
remote sensing data in savanna ecosystems?

5. How can remote sensing technologies be used to help
local communities and stakeholders better understand,
monitor, and manage land use in savanna ecosystems?

6. What are the ethical implications of using remote sen-
sing technologies for protected area management and
sustainability in savanna systems?

7. How can remote sensing technology help bridge the
gap between research and policy decisions in savanna
ecosystems?

8. What new remote sensing technologies are being de-
veloped to better monitor savanna systems and inform
conservation efforts?

By exploring these questions, researchers can gain a greater
understanding of remote sensing technologies, their applica-
tion in savanna systems, and their potential to help protect
these ecosystems from further degradation.

Overall, LCS has the potential to be a powerful tool in monito-
ring, predicting, and managing savanna systems. The future of
remote sensing technologies in these ecosystems is bright and
can be used to help protect them from further degradation.
With this information, policymakers can make informed deci-
sions that benefit both the environment and local communi-
ties. If applied correctly, LCS has the potential to be one of the
most valuable tools in savanna conservation.
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