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Abstract: Sea Level Rise (SLR) due to global warming is becoming a more pressing issue for coastal
zones. This paper presents an overall analysis to assess the risk of a low-lying coastal area in Karasu,
Turkey. For SLR scenarios of 1 m, 2 m, and 3 m by 2100, inundation levels were visualized using
Digital Elevation Model (DEM). The eight-side rule is applied as an algorithm through Geographic
Information System (GIS) using ArcMap software with high-resolution DEM data generated by
eleven 1:5000 scale topographic maps. The outcomes of GIS-based inundation maps indicated 1.40%,
6.02%, and 29.27% of the total land area by 1 m, 2 m, and 3 m SLR scenarios, respectively. Risk maps
have shown that water bodies, low-lying urban areas, arable land, and beach areas have a higher risk
at 1 m. In a 2 m scenario, along with the risk of the 1 m scenario, forests become at risk as well. For
the 3 m scenario, almost all the territorial features of the Karasu coast are found to be inundated. The
effect of SLR scenarios based on population and Gross Domestic Product (GDP) is also analyzed. It
is found that the 2 and 3 m scenarios lead to a much higher risk compared to the 1 m scenario. The
combined hazard—vulnerability data shows that estuarine areas on the west and east of the Karasu
region have a medium vulnerability. These results provide primary assessment data for the Karasu
region for the decision-makers to enhance land use policies and coastal management plans.
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1. Introduction

Climate change is a significant threat to humanity and the Earth’s ecosystems in the
21st century. The challenge of climate change has been long-term. However, the world
needs urgent action to maintain a sustainable future for the Earth [1]. One of the most
significant climate changes in the world’s oceans is SLR. The main reasons for SLR are the
thermal expansion of the oceans, ice loss from glaciers, melting ice sheets, and changes in
land-water storage. SLR affects the low-lying coastal areas, defined as the zones below 10 m
elevation above sea level. It is known that a significant proportion of the global population
(almost 11%) is living on low-lying coasts [2]. SLR impacts the coastal ecosystems and the
economic activities of these areas negatively (loss of habitat and species; loss of fish stocks;
loss of agricultural areas due to frequent flooding; loss of fresh water; loss of cultural and
natural heritage), thus decreasing their resilience to climate change. Low-lying lands are
among the habitats on Earth most vulnerable to climate change effects. Even if the heating
of the Earth stops, these areas will still be facing those threats beyond 2100 [3].

It has been reported that the global mean sea level increased by 0.20 m between 1901
and 2018. SLR is accelerating as the average rate of SLR was 1.3 mm/yr between 1901
and 1971, 1.9 mm/yr between 1971 and 2006, and 3.7 mm/yr between 2006 and 2018. The
projections of SLR in the 21st century are carried out for different scenarios. These scenarios
are based on Shared Socioeconomic Pathways. It is expected that under the very low
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Greenhouse Gas (GHG) emissions scenario (S5P1-1.9—where the global net CO, emissions
are cut to net zero by 2050), SLR by 2100 is expected to be 0.28-0.55 m, whereas it is expected
to be 0.63-1.01 m under the very high GHG emissions scenario (SSP5-8.5—where the global
net CO, emissions double by 2050). However, it is also possible to see a global mean SLR of
2 m by 2100 under a very high GHG emissions scenario due to the uncertainty in ice-sheet
melting processes [4]. SLR is predicted to continue for thousands of years. It has been
modeled that SLR will be about 2 to 3 m if warming is limited to 1.5 °C, 2 to 6 m if limited
to 2 °C, and 19 to 22 m with 5 °C of warming for the next 200 years [5].

As for the regional seas, a few studies exist about the climate change effects on the
Black Sea. Ceyhunlu et al. [6] investigated the climate change effects on the sea surface
temperatures and wind speeds of the Western Black Sea Coast of Turkey. They applied
and compared Sen’s Innovative Method and Trend Analysis Methods (Mann—Kendall and
Spearman’s Rho Methods). Their study showed that for all provinces of the Western Black
Sea Coast, there is an increasing trend of high levels of Sea Surface Temperature (15-27 °C).
Dabanli et al. [7] focused on sea surface temperature (SST) trends along the Black, Marmara,
Aegean, and Mediterranean coastal areas in Turkey. SST data are categorized into five
clusters considering fish life as “hot”, “warm-hot”, “warm”, “cold”, and “very cold”. For
the Black Sea region, they have concluded that for the summer, “warm-hot” and “hot”
temperatures increase rapidly by +3% in the form of a positive trend. For the winter season,
they showed that SST measurements have descending trends. They have concluded that
extreme events in the winter season are more frequent than the past cases on the Black Sea
coasts. Gormiis and Ayat [8] studied the coastal vulnerability of the Southwestern Black
Sea. They included geomorphology, coastal slope, shoreline change, wave height, mean
beach width, SLR, population density, and land use as the physical and social variables
affecting the vulnerability. They produced a vulnerability map of the study area using a
Coastal Vulnerability Index (CVI).

As for the Black Sea, there are several specific studies regarding the SLR projections.
Ginzburg et al. [9] studied the inter-annual changes in the sea level anomalies of the Black
Sea and the Azov Sea for the years 1993-2020. They showed that the average SLR for
the 1993-2020 period is +0.32 £ 0.16 cm/year, which is 1.5 times more than from the
1920s to the mid-1990s (0.17-0.18 cm/year). Lebedev et al. [10] studied the Northeastern
part of the Black Sea and showed that for the time interval of 1993-2015, SLR has a rate
of 0.29 + 0.03 cm/yr. Avsar and Kutoglu [11] have concluded that the mean SLR rate
for the Black Sea is 2.5 &= 0.5 mm/yr by using the gridded satellite altimetry data for
1993-2017. Dayan et al. [12] studied high-end SLR scenarios (HESs) for global and (some)
regional coastal areas. They based their projections on model projections for glaciers, ocean
sterodynamic effects, glacial isostatic adjustment, and land-water contributions. They also
relied on a “recent expert elicitation assessment” for Greenland and Antarctic ice sheets.
Two emission scenarios and three time horizons are considered (2050, 2100, and 2200). They
have concluded that, for HESs-A, the global mean sea level (GMSL) is projected to reach
1.06 (1.91) in the low (high) emission scenario by 2100. For HESs-B, GMSL may be higher
than 1.69 (3.22) m by 2100. They have also studied several regional coastal areas. For these
areas, they have shown that, for HESs-A, the mean sea level (MSL) is projected to reach 0.48
(1.20) in the low (high) emission scenario by 2100. For HESs-B, MSL may be higher than
1.14 (2.46) m by 2100. Gormiis and Ayat [8] projected that the relative SLR for the Black Sea
would be within +20% of the global mean. Therefore, in this study, three scenarios of SLR
(1 mSLR, 2m SLR, and 3 m SLR) by 2100 are considered for the Karasu coastal area.

This study aims to determine the risk maps and vulnerability—hazard maps of the
Karasu coastal area due to different SLR scenarios. SLR scenarios for the Karasu coastal
area were built on 1 m, 2 m and 3 m by 2100. The presented work here can be viewed as
a first integrated assessment for the policymakers and stakeholders of the Karasu coastal
area concerning the risks and hazards of probable SLR scenarios. The risk maps present
features at risk (exposure indicators). The effect of SLR on the GDP and population
density of the Karasu coastal area is also studied. The combined hazard—vulnerability map
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presents the land loss caused by inundation due to SLRs. The vulnerability indicates the
specification of the risk area caused by the hazard element, which causes casualties of the
people, their properties, and land use as well [13]. In order to reach this goal, probable
land loss due to SLR scenarios were analyzed by GIS approaches [14]. The analysis is
used to determine the coastal vulnerability aspects, creating maps representing the coastal
risks [15]. All the data required were collected related to the research objectives. DEM as
input information is extracted from 11 topographic sheet maps output at a nominal scale of
1:5000, issued by the General Directorate of Land Registry and Cadaster in Turkey [16]. The
land use data in this research was obtained from the Landsat 8 satellite imagery collected on
13 April 2017 (path/row-179/031). The satellite imagery was recorded in Geo-TIFF format
with a resolution of 30 m (cell size X, Y = 30 m) and was retrieved from the Earth Explorer
website [17]. As conventional data, the OpenStreetMap data set was collected to excerpt
the study area roads [18]. SLR projected data was utilized from the existing studies [19-21].

2. The Study Area

Karasu Town, located along the Black Sea, is the most responsive land spreading
along the southern Black Sea shore and is the biggest settlement of the Sakarya Province
(Figure 1) [22]. The Karasu coastline lies mainly from the Sakarya River mouth to the
Maden Stream mouth. The Sakarya River is the largest river in western Anatolia and is
named the third longest river in Turkey, following the Kizilirmak and the Firat Rivers.
The Sakarya River is a crucial source of domestic and irrigation water, demonstrating its
enormous capacity to generate energy, and it delivers alluvial components for arable land.
The climate of the study area falls within the Marmara Transition type of the humid Black
Sea climate with an annual average temperature of 13 °C and a total amount of rainfall of
805.1 mm. Annual prevailing wind direction has been detected as Northeast (NE) direction.
The study area contains a topographic diversity, including a beach, a lake, coastal terraces,
fills, and hilly terrains [23].

|
u!
Karasu

‘istanbu

Figure 1. Location map of the study area (Google Map, 2018).
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Regarding vegetation, it is located within the Euxine province of the European Siberian
phytogeographic area. The increasing agricultural activities have destroyed humid forests,
which grew depending on the climatic conditions. The urbanization density reaches around
35% around the shore of Karasu. There is a significant migration increase to the city center
from the rural areas. Karasu is a maritime transport and merchant center as well as a
popular tourism destination with the most important resorts on the Western Black Sea,
making tourism the primary economic income of the city [24]. In 1996, a fishing pier was
started around the area of 1 km to the east. Later, the construction was modified to a harbor
and finished in 2008 [25]. In order to prevent coastal erosion due to the construction of the
harbor, twelve 25 m long groins were constructed in 2009. In addition, a total of nine 120 m
offshore breakwaters with a distance of 75 m were constructed between 2010 and 2012 as
an additional solution for coastal erosion. The coastal erosion in the Karasu coastal area
has been studied in several studies [22-28].

3. Materials and Methods

In order to achieve the targets mentioned above, several approaches have been carried
out. The first was to create a DEM to accomplish the coastal inundation maps, which
involve using an SLR data set to identify and estimate the inundation levels in the future.
The second significant approach was to use satellite images in order to delineate land use
to create an exposure indicator surface on behalf of each of the features at risk (exposure
indicators), such as urban areas, roads, forests, natural vegetation and agricultural lands,
water bodies, sandy beaches, GDP, and population. These form the site’s detailed infor-
mation to overlay the inundation maps for calculating and evaluating the potential effects
of projected inundation. The overall approaches followed in this study are presented in
detail below.

3.1. Formation of Borders and Shorelines

The coastline of the study area was extracted from Local Vector Shoreline LVS using
the Landsat 8 satellite imagery. Additionally, the study area was identified by a shape file
of boundary, which is used as a mask to obtain and calculate the total area for the chosen
exposure indicators. This operation was applied to mask 3, 4, and 5 bands of Landsat
8 satellite image data that was extracted before exporting it to ENVI 5.3 to classify the
satellite image. Thus, exposure indicators are obtained.

3.2. Creating DEM

In coastal studies, the most widely-spread dataset is the DEM. Elevation models are
necessary for assessing the risk of inundation from tsunami, storm surge, and sea-level
increase. Occasionally, DEMs are used as input in complex simulation models that forecast
flooding and other coastal hydrological processes. Additionally, DEM is a base layer in a
simple GIS “bathtub” flooding analysis [29,30]. The elevation in each cell is compared to a
predicted sea level, and all cells with values lower than the foreseen sea level are considered
flooded [19].

Some DEMs are derived from LiDAR (Light Detection and Ranging), a remote sens-
ing technology that measures the distance to ground targets. For instance, Poulter and
Halpin [31] have utilized LiDAR elevation data to perform sea-level rise simulations on
the North Carolina coast. Another commonly accepted source of data elevation is the U.S.
Geological Survey’s National Elevation Dataset (NED), which is used in SLAMM (Sea-
Level Affecting Marshes Model), a simulation model which studies wetlands’ response to
long-term sea-level rise [32]. Nonetheless, these datasets feature limited vertical accuracies:
the NED is accurate to 2.4 m [33] and LiDAR elevation data is accurate from 15 cm
to 1 m [34]. Scientists estimate a sea-level rise of up to 1 m by 2100 [35]. Performed by these
datasets, simulations of sea-level rise results must be precisely analyzed. In the future, GIS
and remote sensing applications in coastal studies will benefit significantly from widely
assessable elevation data with increased vertical accuracy and the development of more
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refined coastal vulnerability indicators. The accuracy of coastal elevation data needs to
be within centimeters for sea-level rise inundation models to predict flooding and other
impacts effectively.

In this study, DEMs result from 11 topographic sheet maps covering approximately
12 x 7 km? with a nominal scale of 1:5000. These maps are issued by the General Directorate
of Land Registry and Cadaster in Turkey [16]. The maps consist of contour lines and points
collected through contour maps by manual digitizing methods. ArcMap10.0 software
was employed to process and interpolate DEM data, involving the geocoding in UTM
cartographic projection Zone 36N-Datum D_WGS_1984 switched to the ArcMap data
format and combined to comply with the study area border in the ArcGIS environment.

In order to obtain our DEM, the methodology presented by Blomgren [36] was fol-
lowed. It is well known that DEM is an image indicating the elevation values at each x
and y position. In the implementation of DEM, it is stated that there are three phases: data
acquisition, interpolation, and manual editing of the resulting elevation map if needed.
The DEM parameters are 3.77 m x 3.77 m in the x-y plane and 0.45 m in the z-direction.
Therefore, the model can capture the narrow features in the horizontal plane. The resulting
DEM is presented as a contour plot in Figure 2 and forms a proper base for visualizing
inundation scenarios.

Figure 2. DEM of the Karasu region, [37].

3.3. Feature Extraction with an Object-Based Classification Approach

A study dedicated to coastal processes involves the analysis of both conventional and
casually sensed data. Conventional data is more precise and site-specific. On the other
hand, data collection is time- and cost-consuming; it involves more labor and might not
apply to more extensive areas. However, remotely sensed data is quick and economical
due to repeated and synoptic coverage of the vast and hard-to-access areas [38]. Remote
Sensing and GIS tools can be applied to form land use, land cover, and coastline change
detection maps [39]. In the presented study, both conventional and remotely sensed data
were used. The land use data applied in this research was obtained from the (Landsat
8 OLI) satellite imagery. The land use of the area and coastal waterways are depicted based
on Feature Extraction such as natural vegetation and agricultural lands, forest, roads, urban
spreading, sandy beaches, and water bodies. An object-based approach to classify imagery
is demonstrated. An object (also called a segment) is a group of pixels with analogous
spectral, spatial, and texture attributes utilizing image unsupervised classification on
the ENVI 5.3 software. As conventional data, OpenStreetMap data [18] are obtained to
excerpt the study area roads. Overall, map accuracy of 83.33% has been obtained based
on 42 ground truth points by using the Create Random Points tool in ArcMap and then
interpreting from high-resolution aerial image. Finally, the classified image has been
converted into vector format for further analysis.
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3.4. Modelling of Inundation Zone

SLR accelerates erosion and flooding in coastal areas. Coastal areas characterized by
cliffs, bluffs, and coastal mountains are more vulnerable to coastal erosion due to elevated
sea levels. Coastal plains are under more risk of permanent flooding due to wave action,
storm surge, and hurricanes under SLR [40].

The model utilized in this research given by Snoussi et al. [41,42] calculates inundation
zones and their risk maps which provide information for decision-makers. The main phases
of Model Builder are shown in Figure 3. In Figure 3, SLR values are chosen as 1 m, 2 m,
and 3 m for three different inundation scenarios and the territorial features correspond
to the forest, water bodies, vegetation, population, GDP, sandy beach, roads, and urban
areas. The model processing is supported by ArcMap 10.0 software by uniting coastal
spatial data with SLR projections of 1 m, 2 m, and 3 m, respectively [19,20]. This analysis
contributes to identifying and ranking areas that will probably be influenced by sea-level
rise. The approach used to model hydrological connectivity is referred to as the eight-side
rule, suggested by Poulter and Halpin [31]. The inundation simulation is applied by using
DEM. The equation below describes the usage of the model to expect inundation:

Digital Elevation
Model (DEM)

B ——

Eight-Hydrological
Connectivity
Inundation Model

.

Inundation
of SLR

EX,y < Sjey C

EX,y > S]ev

|

Sea Level Rise
(SLR)

Intersect
Operation

I

Territorial
Features

)

Inundation
Risk Map of SLR

Figure 3. The Model Builder of ArcGIS to analyze SLR projections of 1 m, 2 m, and 3 m.

F takes only two values: flooded, represented by 1, or not flooded by 0. Eyy is the
elevation at locations x and y, Sje, is SLR projection, and C represents connectivity which

is 1 (connected) or 0 (not connected).

Once a condition is met, F is indicated with a ‘true’ and takes 1; otherwise, F is
indicated with a ‘false” and takes 0. This indicates the potential (1) and unlikely (0) pixel
locations. Hence, bitmaps of the criteria are used to select possible areas that are to be
inundated. Furthermore, when the elevation is under sea level, the grid cell will be flooded
if it is linked to another flooded grid cell nearby, wherever the grid cell was joined if its
cardinal and diagonal trends were joined to a flooded grid cell. This output map represents
the hazard map of the Karasu coastal area due to SLR at 1, 2, and 3 m. The accuracy of
connectivity of the surface is influenced by the connectivity rule selected and the resolution
of DEM. Then, once again, ‘Bitmaps’ as input maps are combined with each exposure
indicator (Land use map) using “Boolean AND” operation (Boolean Overlay), which is an
intersection of binary-coded data layers (inundation zones & exposure indicators). This
creates a binary output map representing potential pixel locations containing value 1. The
resulting output map shows the places satisfying all criteria needed for this application. It
also represents the risk maps of inundation levels for SLR at 1, 2, and 3 m.

3.5. Combination of the Hazard Map with Vulnerability Map

Vulnerability measures the potential adverse effects of a hazard on human and coastal
systems. Vulnerability indicates the specification of the risk area caused by hazard elements,
which causes casualties of the people and their properties and land use [20]. In a related
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context, Aydin and Uysal [15] calculated the vulnerability of the Karasu region’s coastline.
According to the characteristics of its coast, it was classified into 21 points and then
subdivided into seven sections.

Aydin and Uysal [24] found that the vulnerability of the coastline was, in turn, scored
from 1 to 3 (with 1, 2, and 3 representing low, medium, and high vulnerability, respectively)
for each section, allowing the vulnerability, V, to be calculated by Equation (2). The results

are given in Table 1.

Pd+Pg+Cf
s @

where Py is the population density, Py is the per capita GDP, and C¢ is the coastal
function [15].

V =

Table 1. Calculation of the vulnerability values.

Sections
Project 1-9 9-11 11-13 13-14 14-16 16-19 19-21
V =(Pd + Pg + Cf)/3 1.67 2 2.33 1.67 1.67 2.33 2

Their output summarized that the coastline of the study area is sensitive, with low
and medium vulnerability according to the vulnerability score mentioned earlier. In
this study, the vulnerability values of the seven sections given in Table 1 were assigned
to represent the vulnerability map of the Karasu coastline. Consequently, this output
result (vulnerability map) was combined with the coastal hazard map obtained from the
discussion in Section 3.4. In the second step, the vulnerability map is combined with the
hazard map using the Overlay operation.

4. Results

In order to determine the beachfront elevation of the Karasu coastal area, the afore-
mentioned digitized DEM model is utilized. Figure 4 illustrates the low-lying land zones of
the Karasu coastal area, which are broader on the western shore. Figure 4 also demonstrates
the possible zones which are vulnerable to flooding due to SLR. Additionally, GIS modeling
is used to determine the anticipated inundation levels of 1 m, 2 m, and 3 m by 2100. SLR
scenarios are applied along the coast of Karasu City, where the horizontal flood depth at
some points extends more than 100 m inland, reaching some residential areas and the city’s
road network. The vulnerability of a coastal area to SLR depends not only on physical
characteristics such as elevation, geomorphology, shoreline change, wave height, tidal
range, and rate of SLR but also the society’s capacity to respond to the dynamic changes in
these features in terms of preventive and mitigation measures [43].

The significant outcomes of land loss caused by inundation levels of 1, 2, and 3 m are
presented in Figure 5. The green, yellow, and red areas show the flooded areas for 1 m,
2m, and 3 m SLR, respectively. As seen from Figure 5, the most notable changes happen
in the Sakarya River mouth and around the western and eastern parts with low-lying
land and natural coastal defenses such as dunes. Table 2 gives a detailed picture of the
inundated areas to emphasize the differences between the inundation levels of SLRs. Roads
are excluded from the area calculations, and the inundation values for roads are given in
length. As is seen from Table 2, the significant effect of SLR on the exposure indicators
starts with 2 m level. Table 3 gives the effect of SLR scenarios based on population and
GDP. The population of the Karasu Coastal Area is 59,130 people, and the GDP per capita
is 14,600 USD [44].
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Table 2.

SLR impacts across exposure indicators [37].

Minimum Levels of

Medium Levels of

Maximum Levels of

Exposure Indicators Unit Area/Length Inundation Inundation Inundation
(1 m SLR) (2m SLR) (3m SLR)
Vegotati km? 34.71112 0.04362 0.43826 8.47001
egetation % 6157 0.13 1.26 24.40
Urban areas km? 12.05888 0.10836 1.03399 3.90386
% 21.39 0.90 8.57 32.37
Sandv beach km? 6.11662 0.54950 1.64868 2.55629
y % 10.85 8.98 26.95 41.79
Water bodies km? 0.79853 0.07269 0.11987 0.55546
% 1.42 9.10 15.01 69.56
Forest km? 2.68740 0.00 0.05022 0.73585
% 4.767 0.00 1.87 27.38
Roads Km 225.32305 10.56081 44.56897 87.88413
% - 4.69 19.78 39
Total land area km? 56.37286 0.78982 3.39177 16.56119
(excluding the roads) % ’ 1.401 6.016 29.377
Table 3. SLR impacts on population and GDP [37].
Exposure Indicators Unit Inundation 1 m SLR Inundation 2 m SLR Inundation 3 m SLR
Population People 2022 11,132 11,132
GDP $ 29,521,200 162,527,200 162,527,200

The Karasu coastal zone elevation to SLR was demonstrated by means of DEM data

and GIS models using the Equation (1). This demonstration represents the projected
inundation level of 1 m, 2 m, and 3 m. Overlaying (intersecting) the inundated zones
(hazard map) with the relevant exposure surface dataset (receptors) was calculated using
eight parameters: Urban areas consisting of downtown as a core and its outskirts, roads,
forest, natural vegetation and agricultural lands, aquatic bodies, sandy beaches, GDP,
and population. These parameters are considered in the image classification using ENVI
software and result in the intersect operation producing risk maps for each indicator.

The risk maps presented in Figure 6 show the affected regions for three SLR scenarios
of six different receptors (vegetation, urban areas, sandy beach, water bodies, forests, and
roads). The green, yellow, and red areas show the flooded areas for 1 m, 2 m, and 3 m SLR,
respectively.

Figure 7 represents the combination of the hazard map with the vulnerability data of
Aydin and Uysal [15]. The combined hazard and vulnerability map shows that 78% of the
Karasu coastline has a medium vulnerability. The coastal areas behind the medium vulnerable
coastlines show more inundation levels for coastal areas behind low vulnerable coastlines.
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Figure 7. Combination of the hazard map with vulnerability map [37].

5. Discussion

As can be seen from Figure 6a, in the 3 m SLR scenario, most of the vegetation areas
are inundated for the 2 m SLR scenario, the vegetation area at the Sakarya River mouth
is at risk, and for the 1 m scenario, the risk is low. Figure 6b shows the risk map of urban
areas. Urban areas undergo risk for 1 m and 2 m SLR. The risk for urban areas is especially
significant, starting from 2 m SLR. Figure 6¢ shows the risk map of the sandy beach. As
expected, the beach is jeopardized at 1 m SLR. Figure 6d shows the risk map of water areas.
There are two river mouths in the region. One is the Sakarya River mouth and to the west of
it is the Maden Stream mouth. Both of these water bodies are entirely at risk starting from
1 m SLR. This risk is not limited to water bodies but results in the salination of freshwater
resources and loss of arable land and has a negative effect on the existing ecosystems.
Figure 6e shows the risk map of forests. Since forests are located in the mountains, which
lie parallel to the coastline, these are areas at low risk. Figure 6f shows the risk map of
roads at 1 m SLR: the roads at the coastline are at risk. 2 m SLR covers most of the roads
along the coastal area. From Figure 7, it is seen that estuarine areas at the west and east of
the Karasu region have a medium vulnerability. In contrast, the inland behind the coastal
zone has a low vulnerability.

According to the results of this study, the total inundated areas are discussed as
follows: The 1 m SLR scenario indicates that approximately 1.4% of the total land area
would be impacted, including urban areas, natural vegetation, agricultural lands, beaches,
and river mouth. In the 2 m SLR scenario, there is a vast increment of the zone that would
be influenced by this rate compared to the inundation level of 1 m to reach 6%. It impacts
urban and coastal territories and expands to low-lying zones, especially in the western part,
covering 75 m from the river’s end, including natural vegetation and agricultural lands,
beaches, and forests. In the 3 m SLR scenario, approximately 29% of coastal land will face a
risk of inundation in the western and eastern parts, including the front exterior of Karasu
City, harbors and the tourist resorts, natural vegetation and agricultural land, beaches and
coastal dunes, woodlands, rivers, and water bodies. Such a loss of land suggests that the
population living directly in these territories would retreat. The area least vulnerable to
inundation is the beachfront strip which is restricted and is upheld by the slight height of
the local location of the city of the residential area. Nonetheless, some parts of Karasu City,
including its harbor and important recreational beaches, will be inundated.
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It is also seen from Table 2 that the significant effect of SLR on the exposure indicators
starts with the 2 m level. The vegetation and urban areas show an inundation increase of
almost 10 times for 2 m SLR. Roads show a five-times higher value for the same level. For
the 3 m SLR scenario, almost half of the Karasu region is inundated, concerning exposure
indicators. One interesting result is for the vegetation and forests, where almost 25% of
these areas suffer from 3 m SLR. These areas are almost safe for the 1 m and 2 m scenarios.
These results agree with the geographical characteristics of the Karasu coastal area. It can
be seen from Table 3 that 11,132 people will experience flooding in the extreme case, which
will cause a GDP loss of 162,527,200 USD.

6. Conclusions

In this paper, an overall analysis of SLR has been carried out to assess the risk of
low-lying coastal areas in the Karasu region in Turkey. SLR scenarios for Karasu coastal
area are studied for 1 m, 2 m, and 3 m by 2100. As a result of this research, determinable
data is developed on the effect of SLR on the Karasu coastal area. Inundation levels were
visualized using DEM. The outcomes of GIS-based inundation maps indicated 1.40%, 6.02%,
and 29.27% of the total land area for 1 m, 2 m, and 3 m SLR scenarios, respectively. The
most notable changes are predicted to happen in the Sakarya River and Maden Stream
mouths and around western and eastern parts of this area with low-lying land and natural
coastal defenses such as dunes.

The minimum inundation level in a 1 m SLR scenario indicates that the most affected
exposure indicators would be water bodies, sandy beaches, and roads. For the 2 m SLR
scenario, there is a vast increment of the zone that would be influenced. It impacts not
only urban and coastal territories but also expands to some low-lying zones, especially in
the western part, covering a 75 m long area from the end of the river, including natural
vegetation and agricultural lands, beaches, and roads. At the maximum inundation level
in a 3 m SLR scenario, the coastal land will face a risk of inundation in the western and
eastern parts, including the coastline of Karasu City, the harbor, the tourist resorts, natural
vegetation and agricultural land, beaches and coastal dunes, woodlands, roads, rivers,
water bodies, and forests. The middle section between the two river mouths and behind
the coastal zone of the Karasu Region is found to have the minimum risk with regard to
SLR inundation scenarios. From the combined hazard—vulnerability map, it is seen that
estuarine areas at the west and east of the Karasu region have a medium vulnerability. In
contrast, the inland behind the coastal zone has a low vulnerability. Such a loss of land
suggests that the population living directly in these inundated territories would have to
move out or retreat. The effect of SLR scenarios based on population and GDP shows that
11,132 people will experience flooding in the extreme case, which will cause a GDP loss of
162,527,200 USD.

This study has some limitations. The model assumes a fixed shoreline (the model
excludes the shoreline change due to erosion/accretion). Additionally, the effect of storm
surge is also excluded. Therefore, for future studies, it is suggested that an SLR model
including shoreline evolution and storm surge can be developed. However, the presented
model is a first for the Karasu coastal area. Karasu is the biggest settlement in the Sakarya
Province. It is an imperative summer resort city where tourism is a major economic activity
with resorts in the west of the Black Sea, as well as a maritime transport and trade centre,
which also provides significant financial profit. The presented work here can be viewed as
a first integrated assessment for the policymakers and stakeholders of the Karasu coastal
area about the risks and hazards of probable SLR scenarios. These results can provide
primary assessment data for the Karasu region to the decision-makers to enhance policies
and planning of land use and to build a long-term policy for coastal management.
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