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Abstract
Coastal areas are inherently sensitive and dynamic, susceptible to natural forces like waves, winds, currents, and tides.
Human activities further accelerate coastal changes, while climate change and global sea level rise add to the challenges.
Recognizing and safeguarding these coasts, vital for both socioeconomic and environmental reasons, becomes imperative.
The objective of this study is to categorize the coasts of the Mersin and İskenderun bays along the southeastern coast
of Türkiye based on their vulnerability to natural forces and human-induced factors using the coastal vulnerability index
(CVI) method. The study area encompasses approximately 520km of coastline. The coastal vulnerability analysis reveals
that the coastal zone comprises various levels of vulnerability along the total coastline: 24.7% (128km) is categorized
as very high vulnerability, 27.4% (142km) as high vulnerability, 23.7% (123km) as moderate vulnerability, and 24.3%
(126km) as low vulnerability. Key parameters influencing vulnerability include coastal slope, land use, and population
density. High and very high vulnerability are particularly prominent in coastal plains characterized by gentle slopes, weak
geological and geomorphological features, and significant socioeconomic value.

Keywords Climate Change Impacts · Global Sea Level Projections · Mersin · Socio-Economic Vulnerability · Eastern
Mediterranean

1 Introduction

Coastal regions play a vital role in human activities, eco-
nomic activities, and the preservation of coastal ecosystems.
It is reported that approximately 37% of the global popula-
tion resides within 10km of the coast (OC 2017). Coastal
economic activities, including trade, tourism, fisheries, and
various industries, constitute a substantial portion of the
global economy (WOR 2017; EC Report 2016; Randone
et al. 2017). Additionally, coastal areas serve as critical
providers of essential marine ecosystem services.

On the other hand, coastal areas are highly vulnera-
ble and dynamic ecosystems, susceptible to rapid changes
caused by both human-induced factors and climate-related
impacts (De La Cruz 2021). Climate change has many sig-
nificant impacts on coastal areas, with sea level rise (SLR)
being among the major climate change-induced risks of
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the 21th century for coastal areas (Nicholls and Cazenave
2010).

SLR is primarily driven by global warming which results
from increased concentrations of greenhouse gases in the
Earth’s atmosphere. Additionally, human activities in recent
decades have accelerated the warming of the planet and
contributed to the rise in sea levels.

The Intergovernmental Panel on Climate Change (IPCC)
has projected SLR scenarios for 2100 based on climate mit-
igation success. Even the best scenario predicts a rise of
0.28–0.55 m, while the worst-case scenario reaches 1m
(IPCC 2014). SLR leads to increased coastal erosion,
higher storm surges, and saltwater intrusion into freshwater
sources, severely affecting low-lying coastal areas (IPCC
2019). Unpredictable weather events and extreme preci-
pitation further exacerbate these threats. Authorities and
coastal planners need a coastal vulnerability assessment to
address these threats.

TheMediterranean basin, identified as one of the primary
hotspots for climate change, is warming at a rate 20% faster
than the global average, according to Med (2020). Com-
pared to other coastal regions worldwide, Mediterranean
cities, wetlands, and drylands are projected to suffer the
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most damage due to SLR in the 21st century (Marcos et al.
2016). The southeastern coastal region of Türkiye, char-
acterized by low-lying areas, deltas, and natural preserves,
faces significant risks from global threats such as SLR.

The vulnerability of coastal areas depends on both the
physical characteristics of the coast and human activities
along the coast. To assess vulnerability, various coastal vul-
nerability index (CVI) tools have been developed (Gornitz
1990, Gornitz et al. 1997, Thieler and Hammar-Klose 1999,
Szlafsztein and Sterr 2007, McLaughlin and Cooper 2010).

The Thieler and Hammar-Klose (1999) model, which is
an adapted version of Gornitz (1990), is the most widely
used CVI method for assessing coastal vulnerability against
SLR. Owing to the widespread availability of satellite data,
this method has been employed by researchers globally
(Charuka et al. 2023, Mendoza et al. 2023, Kuleli and
Bayazıt 2023, Ozsahin et al. 2023, Gaki-Papanastassiou
et al. 2010, Addo 2013, Gorokhovich et al. 2014, Kunte
et al. 2014, Diez et al. 2007). However, this model only
considers the physical attributes of coastal areas, including
coastal geomorphology, coastal slope, historical shoreline
change, mean tidal change, mean wave height, and the rate
of sea level rise.

Similar to the physical factors, socioeconomic fac-
tors also have significant impacts on coastal vulnerability
(Boruff et al. 2005). Socioeconomic factors encompass all
human activities on coastal areas such as infrastructures,
settlements, sensitive coastal and marine ecosystems.

Socioeconomic transformations tend to happen more
rapidly than physical alterations when considering both
physical and socioeconomic aspects of vulnerability (Szlaf-
sztein and Sterr 2007). As an example, population and
tourist density are identified as key influencers of coastal
vulnerability, particularly in Goa, India, where the es-
calating population and tourism’s crucial economic role
intertwine to shape the region’s coastal resilience (Kunte
et al. 2014).

Another important socioeconomic factor, the land use,
provides a more comprehensive representation of the cul-
tural, economic, and environmental values of coastal areas
(Maanan et al. 2018). Also, the conservation areas should be
included in vulnerability assessments to effectively identify
regions with significant ecological and biological impor-
tance (Maanan et al. 2018).

The model by Thieler and Hammar-Klose (1999) was
adapted in some studies to incorporate socioeconomic pa-
rameters into vulnerability assessments (Dada et al. 2024,
Charuka et al. 2023). In this adapted approach, both phys-
ical and socioeconomic factors contribute equally to the
overall assessment. Another methodology, the multi-scale
CVI method developed by McLaughlin and Cooper (2010),
described the vulnerability as a combination of factors
including coastal characteristics (such as geomorphology,

coastline type, and elevation), coastal forces (like wave
height and tidal range), and socioeconomic elements (in-
cluding population, cultural heritage, and roads) which
together create three sub-indices for the coastal vulner-
ability index (CVI). This approach divides the CVI into
three sub-indices, each with normalized scores that con-
tribute equally to the composite vulnerability assessment,
as detailed by McLaughlin and Cooper (2010).

Several studies have evaluated coastal vulnerability in
Türkiye, but only a limited number address this specific
study area. Kahraman and Sılaydın Aydın and Kahraman
(2016) examined the susceptibility of coastal cities in
Türkiye to SLR using the CVI method. The findings indi-
cated that Mersin city exhibits a lower level of vulnerability
compared to other cities. Kuleli (2010) developed an index
specifically tailored to assessing the risk of SLR in coastal
zones on a city-by-city basis. This index incorporates
physical data along with a range of socioeconomic met-
rics, including population, settlements, land use, wetlands,
contributions to national agricultural production, and tax
revenues. A key finding of this study, relevant to the region
under consideration, is that the Mediterranean region is
identified as being particularly susceptible to land loss due
to SLR. In a similar study, Kurt and Li (2020) explored the
impacts of sea level changes on the coastlines of Turkey.
Utilizing elevation data along with a selection of socioe-
conomic factors such as population and settlements, their
analysis revealed that out of the 28 provinces examined,
Adana, Edirne, Izmir, and Samsun are the most susceptible
to the spatial changes caused by rising sea levels.

An additional CVI-SLR method that incorporates both
physical and human influence parameters was developed
by Ozyurt and Ergin (2010). This approach calculates the
index using five sub-indices, each representing a different
impact of SLR: coastal erosion, flooding due to storm surge,
inundation, salt water intrusion to groundwater resources,
and salt water intrusion to river and estuaries. Each sub-
index is calculated using both physical elements and the
impact of human activities. This method has been applied
to the Göksu Delta in Türkiye, an area where all five con-
sidered impacts of SLR are present. In Göksu Delta, located
in this study area, the researchers utilized 12 physical and
7 human influence parameters, with each parameter poten-
tially contributing more than one sub-index. This method
uniquely emphasizes the most vulnerable areas by directly
correlating both numerical and qualitative data with specific
physical effects. However, a challenge with this method is
the difficulty in obtaining high-resolution data at all loca-
tions.

Simav et al. (2013) carried out an extensive analysis to
evaluate the vulnerability of the Çukurova Delta to pro-
jected inundation. They utilized multi-mission satellite al-
timetry sea level anomaly and significant wave height data,
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Fig. 1 Overview of the study area. This map provides a visual representation of both land relief and underwater bathymetry, using a color gradient
from red for shallow waters to blue for deeper regions. The depth contours at 20m and 50m are marked by blue and pink lines, respectively

aiming to enhance wetland conservation and management
efforts in the Çukurova Delta. Their findings explicitly show
that the maximum anticipated flooding level by the year
2100 could reach up to 6.7m, underscoring the importance
of conducting vulnerability assessments for this region.

Aykut (2021) conducted an initial assessment of coastal
vulnerability in the southeastern region of Turkey. This
study involved a comparison and application of five distinct
coastal vulnerability index methods to this specific area.
Aykut (2021) noted that incorporating socioeconomic pa-
rameters could significantly alter the assessment outcomes.

The coastal region in this study holds significant eco-
nomic value due to its coastal tourism, agriculture, numer-
ous industrial zones, and thermal power plants. It is also
notable as the site of Türkiye’s first nuclear power plant,
which is currently under construction. At the same time, the
region has experienced a substantial increase in population.
This growth has been driven by the arrival of immigrants
and refugees from countries affected by war and political in-
stability, as well as by people displaced by the earthquakes
in February 2023. The rapid increase in the population,
along with the construction of the nuclear power plant and

various other economic initiatives, has led to rapid coastal
development. However, this rapid and unplanned develop-
ment has also heightened the vulnerability of the coastal
areas. This research focuses on evaluating the vulnerabil-
ity of this sensitive coastal zone in response to SLR. In
our study, we employed the CVI method of McLaughlin
and Cooper (2010), integrating seven physical and four so-
cioeconomic parameters from various sources to conduct
a comprehensive vulnerability assessment.

2 Materials andMethods

2.1 Study Area

The study area encompasses the southeastern coastal region
of Türkiye, in the northeastern Mediterranean, comprising
three major provinces: Mersin, Adana, and Hatay (Fig. 1).
The total length of the study area’s coastline is approx-
imately 520km. The region’s high natural and socioeco-
nomic value arises from the diverse ecosystems, population
densities, residential and recreational zones, as well as from
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Fig. 2 Workflow of the coastal vulnerability assessment in this study. SRTM Shuttle Radar Topography Mission, DSAS Digital Shoreline Analysis
System

the presence of commercial ports and industrial facilities
along its coasts. The population in this region accounts
for approximately 7% of Türkiye’s total population and
over 50% of the Mediterranean region’s population (Turk-
ish Statistical Institute 2019). In addition to densely popu-
lated coastal cities like Mersin, İskenderun, and Arsuz, the
majority of the coastal zone is dotted with secondary resi-
dences, leading to a substantial rise in the population dur-
ing the summer season. The region also accommodates nu-
merous economic facilities. Besides the three major ports,
the coastal zone hosts numerous industrial facilities, ther-
mal power plants, and Türkiye’s first nuclear power plant.
Furthermore, the coastal plains boast fertile soils, making
them ideal for cultivating high-value agricultural products
like citrus, strawberries, and bananas (Turkish Statistical
Institute 2018).

The region exhibits geomorphological variations from
place to place. In the western part of the coastal zone,
the Taurus Mountains stretch along the coastline. Alluvial
plains, formed by the rivers Göksu, Seyhan, and Ceyhan,
extend from Taşucu to the east along the coastal zone. In ad-
dition, these coastal plains are home to important lagoons,
wetlands, and endangered species. Further east, the Amanos
mountains are situated along the coast (Fig. 1).

2.2 Methodology

The methodology for assessing coastal vulnerability in this
study is illustrated in Fig. 2. The evaluation process en-

compasses seven physical parameters: coastal slope, ge-
omorphology, shoreline change, significant wave height,
tidal range, sea level change, and distance to 20m water
depth. The first six parameters, commonly used in vulnera-
bility assessments, offer a significant advantage due to their
widespread accessibility. Palmer et al. (2011) suggest using
the distance from the coast to the 20m depth contour, as it
is a critical factor in evaluating wave energy. The choice of
these parameters to represent vulnerability is largely deter-
mined by the availability of data.

Additionally, four socioeconomic factors are considered:
population density, land use, distance of roads to the coast,
and the presence of protected areas. These parameters have
been chosen because they encompass a broad range of hu-
man activities and infrastructure, as well as significant nat-
ural reserves, which collectively increase the vulnerability
of coastal areas.

All these parameters are derived through a series of anal-
yses in a GIS environment, utilizing diverse data sources
(Fig. 2). Each parameter is then assigned a vulnerability
rating ranging from low to high. Following this, three sub-
indices are calculated based on these parameters, employ-
ing a method developed by McLaughlin and Cooper (2010).
The overall coastal vulnerability index is then determined
as the mean of these three sub-indices (Fig. 2).
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Table 1 The vulnerability classification of physical and socioeconomic parameters

Sub-index Parameters/
vulnerability

Low (green) Moderate
(yellow)

High (orange) Very high (red)

1 2 3 4

Coastal
characteris-
tic

Coastal slope (degree) >10 10–4 4–1 <1

Geomorphology Cliff, rocky Alluvial
plains

Beach Estuary, delta, lagoon

Distance to 20m water
depth (km)

>4 2–4 1–2 <1

Shoreline change (m) >1 0––1 –1––5 <–5

Coastal
forcing

Significant wave
Height (m)

<1.15 1.15–1.40 1.40–1.85 >1.85

Tidal range (m) – – >0.33 <0.33

Sea level change pro-
jection (m)

– <0.55 0.55–0.58 >0.58

Socioeconomic
factors

Population (peo-
ple/0.01km2)

0–20 20–100 100–200 200–300

Land use Water bodies,
unclaimed

Lagoon,
forest

Agriculture, discontinuous
urban, beach

Continuous urban, industrial
units, ports

Road to coast distance
(km)

>2 0.5–2 0.2–0.5 <0.2

Protected area Absent – – Present

2.2.1 Coastal Vulnerability Index

In this study the CVI method developed by McLaughlin
and Cooper (2010) was used to assess the vulnerability of
the coastal zone. This method assesses physical and socioe-
conomic parameters separately.

This CVI consists of three distinct sub-indices: (1)
a coastal characteristics sub-index, evaluating the coast’s
erosion resilience and susceptibility; (2) a coastal forc-
ing sub-index, outlining factors influencing wave-induced
erosion; and (3) a socioeconomic sub-index, pinpointing
targets such as population, land use, and infrastructure at
high risk. In this methodology, parameters are assigned
a ranking on a scale from 1 to 4, indicating their impact on
coastal vulnerability, with 4 representing the highest and 1
the lowest impact. The ranking matrix for these sub-index
variables is detailed in Table 1 for this study.

Addition of Sub-Index = X1 + X2 + X3 + : : : + Xn (1)

CVI Sub-Index =

ŒAddition of Sub-Index� − MinimumAddition of Sub-Index

MaximumAddition of Sub-Index − MinimumAddition of Sub-Index

� 100

(2)

CVI Index =

CVI Sub-Indexa + CVI Sub-Indexb + CVI Sub-Indexc

3

(3)

where X1, X2, ..., Xn represent the numerical values of pa-
rameters, while CVI sub-indices a, b, and c correspond
to coastal forcing, coastal characteristics, and socioeco-
nomic indices, respectively. The first step involves sum-
ming the numerical values of the parameters for each sub-
index (Eq. 1). Next, the results are normalized by calculat-
ing them as a percentage of the maximum and minimum
achievable scores for each sub-index (Eq. 2). Finally, to de-
termine the total CVI value, the average of the three sub-
indices is calculated (Eq. 3).

2.3 Physical Data

The coastal characteristic and coastal forcing physical data
used in this study are presented separately in Figs. 3 and 4
respectively.

Coastal slope data (Fig. 3) were generated from the 1 arc-
second (30m) resolution Shuttle Radar TopographyMission
(SRTM) global elevation data, which is freely accessible at
https://earthexplorer.usgs.gov. The slope calculations were
performed using the Slope tool in ArcGIS Pro 3.2 (Envi-
ronmental Systems Research Institute, 2023) software.

Geomorphological data (Fig. 3) were digitized from
high-resolution satellite images in Google Earth, catego-
rizing as rocky, cliff, alluvial plains, beach, estuary, delta,
and lagoon. Vector polygon data obtained from Google
Earth were converted to raster format using ESRI ArcGIS
software.

For the shoreline erosion/accretion rate (Fig. 3), coast-
lines from various dates were digitized using ESRI’s Way-
back World Imagery, a digital archive offering access to his-
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Fig. 3 Coastal characteristic (coastal slope, geomorphology, shoreline change, and 20m depth contour) data used in this study for the coastal
vulnerability assessment

torical World Imagery versions of ESRI (https://livingatlas.
arcgis.com/wayback). Each version includes maps from be-
fore its publication date, allowing for comparative analysis
of coastlines at different times and locations. The study uti-
lized digitized coastlines spanning from 2006 to 2022. For
each segment of the study area, at least two corresponding
maps were analyzed. The study processes digitized histori-
cal coastlines using the Digital Shoreline Analysis System
(DSAS) software to calculate shoreline change rates, ap-
plying the baseline method (Leatherman and Clow 1983).
A baseline, established parallel to the coastline, guides the
creation of perpendicular transects intersecting each histor-
ical shoreline. These transects, strategically positioned at
200-meter intervals along the coast, facilitate a systematic
analysis of shoreline changes. The end point rate (EPR)
model (Himmelstoss et al. 2018) is employed to calculate
the shoreline change rate. This model is preferred for its
computational simplicity and its minimal requirement of
just two shoreline dates for analysis, as detailed by Thieler
et al. (2009). For the calculation, a suggested default data
uncertainty value of 10m, as recommended by Himmelstoss
et al. (2018), is utilized.

The distance to the 20m depth contour (Fig. 3) was de-
termined by locating the closest point of the 20m isobath

to the coastline, utilizing bathymetric data obtained from
marine hydrographic charts of the region.

Significant wave height is regarded as an indicator of
vulnerability, contributing to land loss through increased
erosion and flooding along the coast. This parameter repre-
sents the average height of the highest third of ocean or sea
surface waves, which are primarily generated by wind and
swell. Significant wave height data were obtained from the
“Ocean surface wave indicators for the European coast from
1977 to 2100 derived from climate projections” dataset that
was produced on behalf of the Copernicus Climate Change
Service (Caires and Yan 2020). The dataset employed in this
study (Fig. 4) is based on the 90th percentile of significant
wave height for ERA5 reanalysis, specifically focusing on
the period from 2001 to 2017 (Fig. 3). The dataset is avail-
able in the Climate Data Store of Copernicus at https://cds.
climate.copernicus.eu/.

Tidal range data and mean sea level data were acquired
from the “Water level change indicators for the European
coast from 1977 to 2100 derived from climate projections”
dataset that was produced on behalf of the Copernicus Cli-
mate Change Service (Yan et al. 2020). The dataset is avail-
able in the Climate Data Store of Copernicus at https://cds.
climate.copernicus.eu/.
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Fig. 4 Coastal forcing (significant wave height, SLR rate, and tidal range) data used in this study for the coastal vulnerability assessment. The
numbers are the station IDs for SLR and tidal range datasets

For our analysis, we apply model results projected for
2041–2070 under a pessimistic climate scenario, often re-
ferred to as the business-as-usual scenario (RCP8.5), where
emissions continue to increase throughout the century (Yan
et al. 2020). In this study, we utilize tidal range and mean
sea level data projected under the RCP8.5 climate scenario
at 57 strategically positioned stations at 0.1-degree intervals
along the coastline (Fig. 4).

Tidal range data for each station over a 29-year period
under the RCP8.5 climate scenario is characterized by a sin-
gle averaged value, from which the impact of sea level rise
has been excluded. This approach isolates the tide and its
variations for pure characterization (Yan et al. 2020).

The mean sea level data encompass the sea level rise
observed during a simulated 30-year period. This dataset
does not include the impact of storm surges caused by at-
mospheric forces. In this study, we calculated the annual
sea level rise (SLR) rate using projected mean sea level
data from 2041 to 2070 for 57 stations, as shown in Fig. 4.

2.4 SocioeconomicData

The socioeconomic data relevant to this study are depicted
in Fig. 5.

Population information was sourced from the Turkish
Statistical Institute (Turkish Statistical Institute 2022). The
data (Fig. 5) cover all the neighborhoods in the coastal
zones based on the Address-Based Population Registration
System (ABPRS).

Land-use data (Fig. 5) were acquired through analysis of
satellite images using Google Earth software (Aykut 2021).
Coastal areas were digitized and classified into categories
such as agricultural land, beaches, urban areas (both contin-
uous and discontinuous), forests, industrial units, lagoons,
ports or piers, unclaimed areas, and water bodies. These
land-use types were further categorized into four groups
based on their vulnerability to SLR for the vulnerability
index.

Road vector data for the study area, as shown in Fig. 5,
were obtained from Mapcruzin web site (https://mapcruzin.
com/free-turkey-arcgis-maps-shapefiles.htm). These data
were then cross-referenced with digital maps from the
General Directorate of Highways to ensure thorough cross-
verification.

The protected areas, defined by the International Union
for Conservation of Nature (IUCN), are specific geographic
regions managed under legal guidelines to preserve biologi-
cal diversity, natural resources, and related cultural heritage.
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Fig. 5 Socioeconomic (population, land use, roads, and protected area) data used for coastal vulnerability assessment

In Türkiye, the responsibility for implementing protection
regulations falls under the Ministry of Environment, Ur-
banization, and Climate Change, as well as the Ministry of
Agriculture and Forestry. These protected areas are catego-
rized as national parks, nature parks, nature monuments, na-
ture conservation areas, wildlife conservation areas, Ramsar
areas, wetlands, protection forests, city forests, gene con-
servation forests, seed orchards, and seed stands. The in-
formation regarding protected areas in the research region
is sourced from the GIS portal of the Ministry of Envi-
ronment, Urbanization, and Climate Change. These data
include wildlife conservation areas, national parks, nature
parks, and two Ramsar sites located along the coast of the
study area (Fig. 5).

2.5 CVI Parameters Ranking and Calculation

This research evaluates coastal vulnerability by employ-
ing a combination of physical and socioeconomic parame-
ters. The physical parameters are categorized into two sec-
tions: coastal characteristics (including coastal slope, geo-
morphology, shoreline change, and proximity to 20m water
depth) and coastal forces (such as significant wave height,
tidal range, and relative sea level change). The socioeco-

nomic parameters encompass population, land use, roads,
and protected areas.

The impacts of climate change on coastal regions, such
as SLR, extend beyond the immediate coastline, affecting
inland areas as well. McLaughlin and Cooper (2010) de-
fined the inland boundary of the coastal zone as 1km for
all spatial scales in their study. However, this approach av-
erages values across the entire buffer zone, which could
potentially alter the representation of processes occurring
right at the coast. Consequently, in this study, a narrower
500-meter buffer zone from the coastline inland has been
adopted for the coastal vulnerability assessment. This de-
cision aims to provide a more precise evaluation of coastal
processes and their vulnerabilities.

Data for each parameter may be either qualitative or
quantitative and are often available in various scales and
units of measurement. To assess their contributions to vul-
nerability, variables are typically assigned ranks ranging
from 1 (very low vulnerability) to 4 (very high vulnerabil-
ity) as shown in Table 1.

The ranking of coastal characteristic parameters, includ-
ing slope, geomorphology, and shoreline change, aligns
with the methodologies employed in similar studies world-
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Fig. 6 aAverage tidal range and b projected SLR rates according to the Copernicus model for 2041–2070 (Yan et al. 2020). Station IDs, plotted
along the horizontal axis, indicate the specific locations for model calculations. Refer to Fig. 4 for a detailed map of these station locations

wide. The ranking of the distance to 20m water depth fol-
lows the methodology established by Palmer et al. (2011).

In the vulnerability assessment for tidal range, model
outcomes are displayed through a scatter graph (Fig. 6a),
which aligns average range data from various stations in
an east-to-west sequence. This graph demonstrates a no-
table divergence in data points around station 2005, mark-
ing a significant shift in tidal range measurements. Conse-
quently, this distinct variation serves as a basis for classi-
fication, emphasizing its critical role in analyzing and un-
derstanding the region’s vulnerability to tidal changes. The
rate of SLR is derived from the projections of the model
results (Yan et al. 2020). Figure 6b displays the SLR rate
for each station. Based on the data shown in this figure,
vulnerability classes for SLR have been determined. The
ranking of socioeconomic parameters primarily reflects the
adaptation of methodologies from previous studies to the
regional context.

For vulnerability calculations, all data types were con-
verted into a raster format with 100-meter resolution within
the 500-meter buffer zone using ESRI ArcGIS software.
The ranking and CVI calculations were performed using
model builder in ESRI ArcGIS software.

Final CVI values were classified according to the values
of 100× 100m grid cells within the 500-meter buffer zone
from 1 to 4, from low vulnerability to high vulnerability.
In this classification, CVI result values were divided into
four vulnerability classes using the natural break method.
The natural breaks algorithm, as described by Chen et al.
(2013), is designed to minimize deviation within classes
while maximizing the standard deviation between classes.
This algorithm has been widely utilized in various vulner-
ability assessment studies (Karymbalis et al. 2012; Chen
et al. 2013; Tanim and Goharian 2023, Tanim et al. 2022;
Yahia Meddah et al. 2023; Dada et al. 2024).

3 Results

3.1 Coastal Characteristic Parameters

The coastal characteristics parameters, including the vul-
nerability ranking as a percentage of the total coastline and
the corresponding coast length, are presented in Fig. 7.

3.1.1 Coastal Slope

The coastal slope parameter is used to evaluate the risk of
inundation and flooding, as well as to estimate the poten-
tial rate of coastline retreat (Nageswara Rao et al. 2008).
Steeper areas experience slower retreat, while low-sloping
areas retreat more rapidly.

According to the slope parameter, the delta plains situ-
ated at the mouths of rivers such as Göksu, Berdan, and
Ceyhan are identified as the majority of the very high-risk
zones (Fig. 7). These areas are highly vulnerable due to
their flat topography. Areas of high vulnerability typically
include low-lying coastal plains with slopes ranging from 1
to 4 degrees. Conversely, areas with low vulnerability, char-
acterized by steeper slopes such as coastal cliffs or rocky
coasts, are mainly located in the western (e.g., Aydıncık,
Yeşilovacık) and eastern (e.g., Samandag, Yayladağı) parts
of the study area (Fig. 7).

3.1.2 Geomorphology

Coastal areas exhibit varying degrees of resistance to nat-
ural impacts based on their landforms. Areas prone to
erosion, such as estuaries and deltas, are at greatest risk,
whereas more resilient landforms like rocks and cliffs
exhibit lower susceptibility to erosion.

The study identifies areas of varying vulnerability along
the coast based on their landforms (Fig. 7). Coastal areas
with rocky cliffs, especially between Aydıncık and Erdemli
in the west and around Yayladağı in the east, exhibit low
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Fig. 7 Vulnerability classification map of coastal characteristics parameters and ranking distribution along the coast

vulnerability. Alluvial plains, which are prevalent in the re-
gion, including the Mersin and Yumurtalık plains, are clas-
sified as moderately vulnerable. Beaches, due to their sen-
sitive nature, are considered highly vulnerable. The most
vulnerable areas, categorized as very highly vulnerable,
include coastal regions with landforms prone to erosion,
such as estuaries, lagoons, and deltas. These are particu-
larly noted in the wetland zones of Yumurtalık, Tarsus, and
Silifke (Fig. 7).

3.1.3 Distance to 20mWater Depth

In coastal vulnerability assessments, the distance to the
20m water depth is a key factor in evaluating wave energy.
As the distance increases, wave energy dissipates more,
leading to a reduction in the erosive power of the waves
(Mather et al. 2010) and consequently lowering the shore-
line’s vulnerability to the effects of extreme weather condi-
tions (Davies 2012).

This study applies the vulnerability ranking developed
by Palmer et al. (2011) to assess the vulnerability of dif-
ferent coastal areas, as outlined in Table 1. The eastern and
western parts of the study area are identified as having high
to very high vulnerability, consistent with their geomorpho-

logical characteristics. Conversely, the northern part, char-
acterized by a very gentle seafloor slope, is classified as
having low vulnerability (Fig. 7).

3.1.4 Shoreline Change

Historical coastlines from various dates, obtained from
ESRI’s Wayback World Imagery, have been processed us-
ing DSAS (Digital Shoreline Analysis System) software.
This process is used to determine the rate of shoreline
change, including both erosion and accretion, along the
coast.

In the study region, certain coastal areas have been iden-
tified as depositional zones, formed by sediment accumula-
tion from the Göksu, Seyhan, and Ceyhan rivers. These ar-
eas are classified as having low vulnerability (Fig. 7). Con-
versely, coastal regions experiencing significant erosion are
categorized as very highly vulnerable, with the main ero-
sional zones located in the Göksu Delta, near the mouth of
the Seyhan River, and along the northern coast, including
the Akyatan Lagoon. In other parts of the region, sediment
movement remains stable, showing neither permanent de-
position nor significant erosion.
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Fig. 8 Vulnerability classification map of coastal forcing parameters and ranking distribution along the coast

3.2 Coastal Forcing Parameters

Figure 8 displays the coastal forcing parameters, detailing
the vulnerability ranking as a percentage of the total coast-
line along with the respective lengths of the coast.

3.2.1 Significant Wave Height

Waves play a crucial role in driving sediment transport
along coastlines, resulting in both erosion and deposition.
Based on significant wave height, areas of low vulnerability
are primarily located in the inner part of İskenderun Bay
(Fig. 8). The moderately vulnerable areas consist of coastal
plains mainly found between Silifke and Mersin. Areas of
high vulnerability are primarily situated along the northern
coast, while areas of very high vulnerability are predomi-
nantly located in the southeastern part of the region (Fig. 8).

3.2.2 Mean Tidal Range

The study region is categorized as a micro-tidal coastal
region, attributed to the minimal difference between its high
and low tides. The consistently high sea level, coupled with
the narrow tidal range, heightens the risk of erosion and

inundation during storm surges. As a result, regions along
the coast with low tidal ranges are deemed to be more
vulnerable.

Based on the results from Copernicus’ model (Yan et al.
2020), the study area is categorized into two vulnerabil-
ity classes: the eastern region, including İskenderun Bay,
is identified as highly vulnerable (Fig. 8); meanwhile, the
coastal stretch from Anamur to Mersin is classified as very
highly vulnerable (Fig. 8).

3.2.3 Mean Sea Level Change

Sea level rise, one of the primary consequences of climate
change, poses a significant threat to coastal areas. Satellite
altimetry data clearly illustrate the substantial increase in
sea levels in the Eastern Mediterranean. The relative sea
level rise encompasses various local effects in coastal re-
gions, including atmospheric pressure, steric effects, and
local land movements.

Despite reports of tectonic subsidence in the study re-
gion, with rates between 0.26 and 0.3m per 1000 years
(Aksu et al. 1992), its impact is considered negligible com-
pared to the sea level rise. Therefore, the vulnerability as-
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Fig. 9 Vulnerability classification map of socioeconomic parameters and ranking distribution along the coast

sessment to sea level rise for this study is based on projec-
tions for 2041–2070 (Yan et al. 2020).

Based on these projections, sea level rise in the study
region increases from east to west. The most significant
increase is observed between Anamur and Taşucu, which is
classified as very highly vulnerable. The area from Taşucu
to Mersin city is considered highly vulnerable. The rest of
the coast is categorized as moderately vulnerable, as shown
in Fig. 8.

3.3 Socioeconomic Parameters

Figure 9 outlines the socioeconomic parameters, showing
the vulnerability ranking as a percentage of the total coast-
line, along with the lengths of the coast corresponding to
each ranking.

3.3.1 Population

The population parameter is divided into four classes based
on human settlement density per 0.01km2. Areas with high
population densities are considered the most vulnerable.
The coastlines of İskenderun and Mersin cities are clas-
sified as very highly vulnerable due to their dense popu-

lations (Fig. 9). Coastal areas with sporadic, intermittent
settlements are deemed highly vulnerable. Areas with scat-
tered distribution of settlements fall into the moderately
vulnerable category. The largest segment is assessed as low
vulnerability.

3.3.2 Land Use

In the study region, land-use parameters are categorized into
four levels of socioeconomic significance, each reflecting
a distinct level of vulnerability. Areas classified as very
highly vulnerable include “continuous urban,” “industrial
units,” and “ports.” These are primarily located around the
coasts of Mersin, Erdemli, and İskenderun, noted for their
extensive urban development. Moreover, the coast between
İskenderun and Yumurtalık, hosting significant industrial
facilities, also falls into this category (Fig. 9).

Highly vulnerable areas, such as “agricultural land,”
“discontinuous urban areas,” and “beaches” feature a mix
of discontinuous urban zones and popular beaches, es-
pecially during the summer. These are found along the
coasts of Erdemli, Karataş, Yumurtalık, Dörtyol, Arsuz,
and Samandağ. The stretch from Mersin to Karataş is
known for its industrial zones, whereas fertile lands in
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Fig. 10 The coastal vulnerability index (CVI) map based on CVI sub-index method

this stretch, parts of Yumurtalık, and the area between
İskenderun and Arsuz are dedicated to agriculture (Fig. 9).

“Lagoons” and “forests” fall under the moderately vul-
nerable category, with forests being prominent in the south-
western and southeastern parts of the region (Fig. 9).

Lastly, areas not designated for specific use are classified
as “unclaimed areas,” and together with “water bodies,”
are considered low vulnerability. A prime example of low
vulnerability within the study area are the coasts of the
Göksu Delta (Fig. 9).

3.3.3 Roads

Roads in close proximity to the coastline are considered
more vulnerable. To classify their vulnerability, the dis-
tance between the main roads and the shoreline was mea-
sured. Based on this parameter, highly vulnerable areas are
primarily found along the southwestern coast of the study
region (Fig. 9).

3.3.4 Protected Areas

In the study area, a range of protected areas exist. For the
purposes of this study, the presence of these protected ar-
eas categorizes the coastal zone as very high vulnerability
(Fig. 9).

3.4 Coastal Vulnerability Index in the Mersin and
İskenderun Bays

In this study, the coastal vulnerability index (CVI) is derived
as the mean of three sub-indices: coastal characteristics,
which is the nature of the coast; coastal forcing, which is
the degree to which the coast is exposed to wave energy; and
socioeconomic factors, which identify potential at-risk tar-
gets, as outlined by McLaughlin and Cooper (2010). Each
sub-index is calculated using distinct parameters, as detailed
in Table 1.

The cumulative impact of coastal characteristics results
in 52.1% of the study area’s coastline being classified as
high to very highly vulnerable (Fig. 10). Areas of moder-
ate vulnerability constitute 23.7% of the coastline, while
regions with low vulnerability account for 13.4%.

4 Discussion

4.1 Assessment of Physical Parameter Vulnerability

Coastal characteristic parameters, including coastal slope,
geomorphology, shoreline change, and distance to 20m
depth contour reveal how coastal areas, particularly in
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the context of SLR, respond to climate change impacts
(McLaughlin and Cooper 2010).

Coastal slope is a critical parameter when assessing the
vulnerability of coastlines to natural processes like coastal
erosion, inundation, and sea level rise. This is due to the
fact that in the event of a SLR, areas with a gentle slope are
at greater risk of extensive flooding, while steeper coastal
areas are less susceptible to the impacts of rising sea levels.
It is indicated that the area up to 1m above the shoreline
is at risk of permanent flooding, while the area up to 5m
high has the risk of rising above the tides in extreme storm
events (Koroglu et al. 2019). In this study, the presence of
extensive alluvial plains in the Adana and eastern Mersin
regions significantly amplifies the area’s overall vulnerabil-
ity, largely due to its coastal topography (Fig. 1).

The southwestern part of the study region, influenced by
the Taurus Mountains, features steep slopes in coastal areas.
These steep slopes are intersected by numerous river plains,
which reduce the overall steepness. Similarly, in the south-
eastern part, sloping areas are present where the Amanos
Mountains extend into the sea (Fig. 7).

Geomorphology is linked to material resistance against
sea level rise effects in coastal areas, contributing to in-
creased vulnerability in most of the study area. The shore-
line change parameter, which identifies erosional or accre-
tional areas along the study area’s coastline, has a relatively
low impact on its overall vulnerability (Fig. 7).

In this study, coastal forcing, which measures the coast’s
exposure to wave energy (McLaughlin and Cooper 2010),
comprises three parameters: significant wave height, mean
tidal range, and mean sea level change.

Waves are the main driver of the sediment transport along
coasts, for both erosion and deposition processes. Waves
with higher wave heights carry greater energy as they ap-
proach the shore. When high-energy waves break near the
shoreline, they lead to the transport of larger sediment vol-
umes (Koroglu et al. 2019). Waves with maximum heights
of 2.5m primarily impact the Adana and southern Hatay
regions in the study area.

The tidal range is the vertical difference between the
highest and lowest sea levels. While some studies (Gornitz
et al. 1994; Diez et al. 2007; Yin et al. 2012; Duriyapong
and Nakhapakorn 2011; Addo 2013) suggest that a high
tidal range is highly vulnerable to sediment transport capac-
ity, others argue that a low tidal range increases vulnerabil-
ity due to the proximity of sea levels to high tide, leading to
erosion caused by waves and storm surges (Gaki-Papanas-
tassiou et al. 2010; Karymbalis et al. 2012; Gorokhovich
et al. 2014; Ozyurt and Ergin 2010).

The study area is classified as a micro-tidal coastal re-
gion due to the short range between high and low tides.
This, coupled with the presence of extensive, flat coastal
areas characterized by low slopes, makes the tidal range

one of the key factors contributing to the area’s overall
vulnerability.

Relative sea level change, an essential parameter in vul-
nerability assessments, encompasses both global sea level
changes and local influences like atmospheric pressure,
steric effects, and local land movements. Although differ-
ential tectonic subsidence is documented in the Cilician
Basin and İskenderun Bay (Aksu et al. 1992), the impact of
such land movements is minimal enough to be disregarded.
Consequently, in these vulnerability assessments, the mean
sea level is the preferred metric.

Long-term evaluations of satellite altimetry data, as pre-
sented in studies by Cazenave et al. (2001) and Hebib and
Mahdi (2019), consistently demonstrate a continuous rise in
sea levels in the Eastern Mediterranean. Hebib and Mahdi
(2019) specifically highlight an upward trend in sea levels
in the coastal Mediterranean Sea throughout the altimetry
period (1993–2015), noting a notable rise particularly in the
Eastern Mediterranean basin.

The accuracy and reliability of climate models make
them favorable for use in vulnerability assessments. In this
study, we use model projections for 2041–2070 under a pes-
simistic climate scenario (RCP8.5), not only due to their
dependability but also because of the spatial distribution of
the data.

Although classified as a coastal characteristic, the dis-
tance to the 20m depth contour is closely linked to the sig-
nificant wave height parameter in coastal forcing. A larger
distance typically diminishes the impact of waves on the
coast. Waves primarily dissipate energy in shallow waters
as a result of friction against the seabed, which simultane-
ously reduces their speed. Conversely, in deep waters, often
exceeding half the wave’s wavelength, there is no seabed
interaction, enabling waves to approach the coast while re-
taining their full energy. For instance, in the study region’s
northern part, where the seabed gently deepens, the signif-
icant wave height is considered highly vulnerable, whereas
the distance to the 20m depth contour is deemed to be of
low vulnerability. This contrast between the two parameters
helps balance their combined effects on the overall vulner-
ability assessment.

4.2 Assessment of Socioeconomic Parameter
Vulnerability

Population plays a pivotal role in the context of coastal
vulnerability. While high population can be seen as a direct
factor contributing to coastal erosion (Kunte et al. 2014;
McLaughlin et al. 2002), it can also be associated with
greater economic value (Hughes and Brundrit 1992) and in-
creased investment in property protection (Hegde and Reju
2007). As a result, regions with high population densities
are often regarded as more vulnerable than others. In the
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Fig. 11 The percentage distri-
bution of different vulnerability
classes—low, moderate, high,
very high—across all the param-
eters used in this study

study area, particularly in the eastern Mersin region, high
population density areas are considered more vulnerable
due to a lack of sufficient coastal defense infrastructure.

Roads play a significant role in Türkiye’s transportation
system, driving both human and economic activities. Due
to their economic significance, roads are a crucial socioe-
conomic parameter in assessing coastal vulnerability. In the
study area, unlike the physical parameters, the presence of
roads close to the shoreline makes the coasts of Hatay and
western Mersin regions more vulnerable.

Protected areas serve as safe habitats for numerous plant
and animal species within coastal ecosystems. Given their
crucial role, these protected coastal areas are assessed as
highly vulnerable to the impacts of climate change. In the
study area, one third of the coastline consists of protected
areas, making it particularly vulnerable.

4.3 The Coastal Vulnerability Assessment

Numerous CVI studies have been conducted worldwide,
employing various parameters. However, the extent of vari-
ability in these parameters within a study region can vary
significantly. This variation can be attributed to whether the
data for these parameters are expressed quantitatively or
qualitatively. Notably, parameters categorized numerically
tend to exhibit more variability, while some parameters re-
main constant throughout the entire region, maintaining the
same value and class.

In this study, a total of 11 parameters were utilized.
Among these parameters, coastal slope, geomorphology,
land use, population, coastal erosion, and distance to 20m
depth contour exhibited higher variability within the study
region, exerting a significant influence on the CVI results

(Fig. 11). Protected areas, roads, and significant wave
height, while containing some regional variations, also
contributed to the CVI values. Notably, protected areas and
roads parameters can wield a substantial impact on CVI
results due to their socioeconomic significance in some
CVI calculation methods. However, although mean sea
level and tidal range parameters have variations in studies
conducted in various locations around the world, they are
less variable compared to other parameters in the study
region (Fig. 11). Therefore, their relationships with CVI
result values are weaker than those of other parameters.

The Mersin region, spanning from Anamur to Mersin
city, constitutes the western part of the study area. The
western sections of the Mersin region’s coastline are pre-
dominantly categorized as having low to high vulnerability
across all parameters. Conversely, the eastern portions
exhibit greater vulnerability compared to their western
counterparts. This heightened vulnerability is attributed to
factors such as lower slopes, weaker geological formations,
land-use patterns, and higher population density in the
eastern regions. Additionally, the proximity of the Taurus
Mountains to the coastline and steeper coastal terrain in
western Mersin discourage extensive human utilization of
these coastal areas.

The Mersin region coast has the highest population den-
sity in the entire study area. Additionally, the presence of
the crucial Mersin port, facilitating international sea trans-
portation, makes this region vulnerable in terms of land use.
Along the shores of the Mersin region, numerous tourist
facilities, primarily active during the summer, contribute to
a seasonal population surge. These factors collectively clas-
sify these coastal areas as very highly or highly vulnerable.
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The Göksu Delta, formed by the Göksu River, is a sig-
nificant feature in the Mersin region. Its low slope, deltaic
geological formation, and the protected area status increase
its vulnerability. On the other hand, the areas surrounding
the mouth of the Göksu River, as well as some adjacent
areas, are depositional areas due to the deposition of sed-
iment transported by the Göksu River. The lack of ero-
sion decreases the vulnerability. Furthermore, as noted by
Ozyurt and Ergin (2010), specific protected areas like the
Göksu Delta, subject to strict controls regarding land use
and settlement, reduce the risk of vulnerability.

The Adana region, which stretches from Mersin City to
Dörtyol, encompasses the flattest coastal areas in the study
area. Based on the physical parameters, the whole region is
classified as highly to very highly vulnerable. Despite the
low population and lack of roads, the presence of extensive
agricultural zones and industrial sites raise the vulnerability
of the region. The presence of alluvial deltas, wetlands, and
natural protected areas contributes to the increased vulner-
ability of the Adana region.

The Hatay region, spanning from Dörtyol to Yayladağı,
is primarily characterized as having low to moderate vul-
nerability. Despite the significance of land-use and popu-
lation parameters along these coasts, other socioeconomic
and physical factors contribute to the region’s overall re-
silience. The absence of roads and protected areas in the
region lowers the vulnerability score within the socioeco-
nomic sub-index. Notably, a wildlife conservation area be-
tween Samandağ and Arsuz is rated as very highly vulner-
able in terms of the protected area parameter. Nevertheless,
this single parameter does not significantly impact the CVI
sub-index result score.

Several studies have yielded results that align with our
research findings. Kurt and Li (2020) have reported that
while the rise in sea levels along the Turkish coast may not
be as significant as in other parts of the world, local vul-
nerabilities such as topographical features and subsidence
present substantial risks. Their analysis specifically identi-
fies the coastal areas of Adana as being at a heightened risk
of inundation due to SLR. Similarly, Simav et al.’s 2013
study on the Çukurova Delta projects that by 2100, around
69% of the area will be at risk of flooding, with nearshore
settlements, lagoons, and agricultural lands facing the most
severe impacts of inundation.

Kuleli’s (2010) study highlights that the areas most sus-
ceptible to significant land losses due to sea level rise
are located along the east Mediterranean coast, specifically
including Samandağ, the Çukurova Delta Plain, and the
Göksu Delta.

Conversely, Kahraman and Sılaydın Aydın and Kahra-
man (2016) found that Mersin city exhibits a lower vul-
nerability to such changes. It is crucial to highlight that
their research focused mainly on city centers and noted

the presence of coastal protection structures along Mersin’s
shoreline, potentially mitigating the city’s risk.

In the same study region, Aykut (2021) conducted a pre-
liminary assessment of coastal vulnerability. Aykut (2021)
provided a more quantitative ranking of parameters such
as shoreline change and road presence, categorizing them
simply as absent or present. This study, however, reveals
a broader variation in the impact of these parameters, in-
dicating a more complex influence on coastal vulnerability
than previously understood.

5 Conclusion

Coastal regions around the world are critical for human
settlements, economic endeavors, and the preservation of
coastal ecosystems. These areas are increasingly under
threat from climate change-induced phenomena, especially
SLR. The southeastern coast of Türkiye is an example of
such vulnerable landscapes, with its expansive low-lying
areas, river deltas, and ecologically significant natural pre-
serves, all of which are susceptible to the escalating threats
posed by global climate change, most notably SLR.

The coastal area under study is economically impor-
tant, hosting tourist attractions, farms, industrial zones,
and thermal power plants, including Türkiye’s first nuclear
power facility which is currently being built. Simulta-
neously, the region’s population has surged, fueled by
immigrants, refugees from conflict zones, and earthquake
displacements. This fast population growth, coupled with
the nuclear plant construction and other economic develop-
ments, has spurred swift coastal expansion, increasing the
area’s vulnerability.

Considering these factors, the insights from this research
provide essential guidance for local authorities and poli-
cymakers to develop informed and strategic plans for the
sustainable management of coastal areas.

This research evaluated the susceptibility of Mersin and
İskenderun Bay coastlines to the SLR by employing the
coastal vulnerability index. This index incorporates an array
of factors, including coastal dynamics, physical geography,
and socioeconomic elements.

The results indicate that significant portions of the coast-
lines along the study region, spanning 141.8km with high
vulnerability and 127.9km with very high vulnerability, are
especially susceptible to natural disturbances. This suscep-
tibility is primarily due to gentle slopes, fragile geomor-
phic structures, and erosion-prone coastal plains and deltas.
These factors render the areas highly sensitive to SLR, ero-
sion, and potential flooding. Moreover, these areas of vul-
nerability also coincide with zones of significant socioeco-
nomic importance, including protected regions and hubs of
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social and economic activity, intensifying their risk expo-
sure.
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