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Abstract: Coastal erosion has posed significant challenges to sustainability and socio-economic stabil-
ity along Senegal’s coastline, leading to substantial infrastructure losses. Using GIS multi-criteria
decision analysis (MCDA), two sub-indices were derived for Senegal’s coastal departments: the phys-
ical susceptibility (PSI) and the social-economic vulnerability (SVI) to coastal erosion. The integrated
coastal erosion vulnerability (ICER) model was derived by their aggregation. A total of 26 criteria
were used, 18 for PSI and 8 for SVI. The criteria weighting coefficients of the sub-indices were deter-
mined using the analytic hierarchy process (AHP). Validation of the model accuracy was performed
using receiver operating characteristic (ROC) curves that were calculated based on a created coastal
erosion cadaster and true positive (TP) sites and manually acquired true negative (TN) sites. The
accuracy assessment confirmed the consistency of the physical susceptibility model (PSI) and proved
that existing coastal erosion sites are within (5) very high susceptibility areas. Through the generated
ICER, the coastal departments were divided into areas of (1) very low, (2) low, (3) medium, (4) high
and (5) very high vulnerability to coastal erosion. Very high (5) and high (4) classes cover around
31% of the coastal departments, mostly encompassing a narrow coastal strip and low river valleys
and mouths. The presented coastal susceptibility and vulnerability maps, with a spatial resolution of
30 m, identified problematic areas in Senegal’s coastal departments and can help decision-makers in
the construction of effective coastal zone management and sustainable development.

Keywords: coastal erosion; susceptibility; socio-economic vulnerability; sustainability; Senegal

1. Introduction

Coastal zones are unique and dynamic environments that are increasingly anthropized
and inhabited due to their socio-economic importance [1]. Sandy beaches account for
around 31% of all coastal zones in the world [2]. They play a vital role for the population,
providing essential ecosystem services that form a significant part of the economic base
of many countries [3]. This has led to rapid urbanization, resulting in the occurrence of
several environmental problems, most notably coastal erosion. Coastal erosion is a complex
phenomenon that represents a significant risk [4]. It leads to the loss of coastline, causing the
destruction of coastal ecosystems and human settlements along low-lying sandy areas [5].
Coastal erosion not only jeopardizes coastal stability but also leads to the occasional loss
of natural habitats [3]. As the climate changes, this erosive trend is likely to intensify [6].
Rising sea levels and the frequency of extreme meteorological events will increase the
vulnerability of coastal areas [7,8]. Among these, sandy coasts will be the most exposed.
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The trend of retreating coastlines is a global phenomenon. Indeed, 70% of the world’s sandy
coasts are affected by erosion [9] and, in some cases, the eroded sandy coastline represents
60–90% of the total coastline [9]. Erosive dynamics can be explained by both natural and
anthropogenic factors [10]. Almost 20% of the coastline of the European Union (EU) is
affected by coastal erosion [11]. In the United States, 66% of the coastline of the Gulf of
Mexico is affected by erosion [12]. In Latin America, coastal zones face pressing challenges,
highlighting coastal erosion as a major concern. In Southeast (SE) Asia, coastal erosion is
often mentioned as a coastal flooding hazard. Some SE Asian countries (e.g., Bangladesh)
and the Maldives are threatened with the loss of landmass due to the high rate of coastal
retreat. China’s most developed coastal city, Shanghai, is heavily threatened by coastal
erosion [13].

Coastal areas in Africa are particularly exposed [14,15]. It is the continent with the
highest presence of sandy beaches (66%) [2], making it particularly exposed to sea-related
risks [16]. This vulnerability is catalyzed by heavy urbanization and insufficient coastal
protection structures [17]. In North Africa, coastal erosion poses a real threat to large urban
areas due to rising sea levels. North Africa, particularly the Maghreb, is the second most
affected region in terms of coastal erosion, after Southeast Asia [18]. In West Africa, coastal
erosion is a major challenge to regional development, responsible for the rapid loss of land
and property [15,17,19,20]. For the 4400 km of coastline from Senegal to Sierra Leone, the
average rate of coastline retreat is 1.2 to 6 m/year, and from Cote d’Ivoire to Nigeria, the
values vary from 1 to 15 m/year [21]. This constitutes one of the greatest threats to the
socio-economic and environmental balances of countries south of the Sahara, particularly
the cities along the Atlantic seaboard [22] (p. 2). It is one of the regions of the world
whose coastlines and deltaic zones are most exposed to coastal erosion linked to rising
sea levels and heavy urbanization [23]. From the coasts of the West to those of Central
Africa, the coastal erosion has been intensifying for over four decades [2,24–26]. Coastal
retreat in West and Central Africa is the result of natural, anthropogenic or combined
factors [24,27,28]. This is likely to be aggravated by climatic projections leading to a rise in
the sea level and an increase in the frequency and intensity of storms [29]. Projections of the
sea-level rise [30] by 2100 suggest that this could be accompanied by an intensification and
recurrence of cyclones. Rising sea levels will influence bathymetric surf in coastal areas,
leading to stronger swell conditions at the coast [31]. Many West African coastal cities are
not prepared for coastal hazards [23].

With over 700 km of mainly sandy coastline, the Senegalese low-lying coast is showing
signs of increased vulnerability to erosion. The sections of coastline most affected by
coastal erosion are Dakar, Mbour, Saint-Louis and Ziguinchor [32–35]. Coastal erosion
is a problem of varying intensity along Senegal’s coasts, with the cities of Saint-Louis
and Rufisque being the most exposed [36]. Senegal’s coasts have undergone significant
morphological changes in recent years [32]. The rates of coastline retreat observed oscillate
between 1 and 2 m/year [37]. In the worst-affected areas, the coastline is retreating at an
average rate of 2 m/year [33]. Coastal erosion occurs almost everywhere on the Senegalese
coast, but with different proportions depending on the causes and the environmental
characteristics [38]. Therefore, erosion is a real economic threat [39]. In the Mbao Bargny
section, coastline retreat is estimated at 1 m/year [32]. In the Djiffere sector, the rate
reached 3.83 m between 1989 and 2013 [40]. As the Petite Côte is highly urbanized, this
erosion undoubtedly impacts socio-economic activities [36]. In Senegal, coastal erosion
is one of the biggest environmental problems facing the southern coastline, particularly
the Petite Côte. The situation has become alarming in many places on the south coast
of Dakar [34,41]. Although some drivers of this phenomenon are in part of social origin
(e.g., coastal development, beach sand mining), combined with natural problems (e.g., slope
instability, sediment deficit), their effects are expected to be enhanced by climate change [42].
Protective structures are present along the Rufisque coastline from Mbao to Bata. Today, this
part of the Senegalese coastline is the most artificialized, with the largest representation of
protective structures [43]. This artificialization is the result of the vulnerability recognized
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by populations exposed to the risks of erosion [44]. Although protective structures have
been built to limit the coastal erosion, studies carried out on the Senegalese coast show that
these structures only partially play the role of ramparts [35,43,45,46].

Although most sections of Senegal’s coastline are subject to coastal erosion, few parts
of Senegal’s coastal zones have been the subject of a comprehensive susceptibility [47,48]
and vulnerability assessment. In order to determine the presence and spatial distribution
of coastal erosion on the coast of Senegal, the main objective of this study is to derive an
integrated coastal erosion vulnerability (ICER) model using the GIS multi-criteria decision
analysis (MCDA) approach. Vulnerability has been extensively used in hazard studies.
However, it lacks a universal definition [49]. It refers to the degree to which a system,
community, or asset is likely to experience damage when exposed to a specific hazard. It
can include a wide range of factors [50]. Susceptibility is a narrower concept that refers
to the inherent characteristics of an area or object that make it more likely to be affected
by a specific hazard. It focuses more on the physical properties that determine how
easily something can be impacted [47]. Regarding the erosion hazard, assessment of areas
potentially susceptible to the occurrence of coastline retreat or gully erosion is essential for
the determination of the most vulnerable areas (social context) and for planning measures
for the mitigation of their negative effects [47]. Coastal vulnerability to specific hazards has
been analyzed using various methodologies [51]. One of the most popular methods is the
coastal vulnerability index (CVI) defined in [52]. A large number of index variations are
proposed. A good review is provided in [53], highlighting vulnerability indices derived
based on physical, socio-economic parameters and those combined. Namely, the CVI only
considers the physical aspects of coastal vulnerability. A suitable coastal vulnerability index
should incorporate the socio-economic aspect [51,54]. In most of the studies of physical
susceptibility to coastal erosion, social vulnerability related to socio-economic factors is not
included [55].

Following this, in our research, two sub-indices have been developed: the physical
susceptibility (PSI) and the socio-economic vulnerability (SVI) to coastal erosion models. By
combining these two sub-indices, we produced an integrated coastal erosion vulnerability
model (ICER). It is seen as the combination of the physical and social aspects of a coastal
departments of Senegal and it is location-specific. The concept of vulnerability combines
elements from physical and social aspects that make a particular system vulnerable to
experiencing socio-economic loss from natural hazards.

Although in the derivation of these models most authors use GIS-MCDA, this method-
ology has been improved by using a large number of criteria acquired from open-source
data (OSM) and dividing integrated vulnerability model in two sub-indices.

Study Area

Senegal is a West African developing country, which highly relies on a 731 km long
coastline characterized by a variety of habitats, ranging from floodplain depressions and
salt flats to the volcanic outcrop that stands out along the otherwise sandy coastline.
The continental shelf, bounded by a 200 m isobath, covers around 28,700 km2 [42]. The
Senegalese coastline is an environment of great diversity. Its ecological wealth makes
it a provider of ecosystem services. It offers cultural and social supply and economic
benefits [56]. According to CSE State of the Environment Report [57], the coast is home to
90% of the country’s industries and contributes 68% of the country’s gross domestic product
(GDP). A significant proportion of Senegal’s population lives close to the coast, concentrated
in the country’s largest urban centers [58]. The Senegalese coast is characterized by a high
concentration of people, representing 60% of the country’s population in 2010 [39]. One
of the most populous regions is the Saloum Delta, with around 16% of total country’s
population (Figure 1).
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ized by great sedimentary thicknesses (6000 m or more east of Dakar) and a faulted struc-
ture, very present between Dakar and Mbour, where the coast is cut into a succession of 
horsts and grabens [60,61]. The intense volcanism of the Oligo-Miocene to Quaternary age 
is well represented on the Cape Verde peninsula. 

A volcanic basement forming the Cape Verde peninsula divides the Senegalese coast-
line into two distinct blocks: the Petite and Grande Côte [59]. This volcanic basement has 
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a major change in the direction of the coastline, isolating the Petite and Grande Côte [59]. 
The Petite Côte lies south of the Cape Verde peninsula and extends as far as the mouth of 
the Siné-Saloum. The Senegalese coast can be divided into five geomorphological entities: 

(1) The Senegal River Delta, home to the Djoudj wetland, as far as the Mauritanian 
coast, diverted to the south by the Langue de Barbarie [62]; 

(2) The Grande Côte or Côte Nord (from Yoff to Saint-Louis) is marked by a broad 
dune massif backed by wet depressions known as Niayes. They constitute an environment 
with dunes and depressions often flooded by the outcrop of the water table [63]. Backed 
by dune massifs, the Grande Côte is predominantly influenced by north-westerly swells, 
which induce a southward littoral drift. Sediment estimates parallel to the coast vary from 
200,000 to 1,500,000 m3/year [37,60]; 

(3) The Petite Côte is a sandy–rocky coast alternating between small rocky outcrops 
and sandy bays with a few lagoons. The Petite Côte lies to the south of the Dakar penin-
sula. The coast is more indented, with rocky and sandy types [64]. It is subject to the action 
of north-westerly swells, the energy of which is dissipated by the refraction phenomena 

Figure 1. Geographical location of Senegal within Africa (A); location of the study area (coastal de-
partments) and five geomorphological coastal entities within Senegal (SSD—Siné-Saloum Delta) (B).

The Senegal coastal zone stretches to the southern tip of Diembéring. It is structured
around the Cape Verde peninsula and the three river mouths of the Senegal, Siné-Saloum
and Casamance rivers. These hydrological entities constitute geomorphological discontinu-
ities in the coastline [59]. Overall, the coastal zone corresponds to the western limit of the
Meso-Cenozoic Senegal–Mauritania sedimentary basin. Geologically, it is characterized
by great sedimentary thicknesses (6000 m or more east of Dakar) and a faulted structure,
very present between Dakar and Mbour, where the coast is cut into a succession of horsts
and grabens [60,61]. The intense volcanism of the Oligo-Miocene to Quaternary age is well
represented on the Cape Verde peninsula.

A volcanic basement forming the Cape Verde peninsula divides the Senegalese coast-
line into two distinct blocks: the Petite and Grande Côte [59]. This volcanic basement has
played a role in the morphological configuration of Senegal’s coasts. It is responsible for
a major change in the direction of the coastline, isolating the Petite and Grande Côte [59].
The Petite Côte lies south of the Cape Verde peninsula and extends as far as the mouth of
the Siné-Saloum. The Senegalese coast can be divided into five geomorphological entities:

(1) The Senegal River Delta, home to the Djoudj wetland, as far as the Mauritanian
coast, diverted to the south by the Langue de Barbarie [62];

(2) The Grande Côte or Côte Nord (from Yoff to Saint-Louis) is marked by a broad
dune massif backed by wet depressions known as Niayes. They constitute an environment
with dunes and depressions often flooded by the outcrop of the water table [63]. Backed
by dune massifs, the Grande Côte is predominantly influenced by north-westerly swells,
which induce a southward littoral drift. Sediment estimates parallel to the coast vary from
200,000 to 1,500,000 m3/year [37,60];
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(3) The Petite Côte is a sandy–rocky coast alternating between small rocky outcrops
and sandy bays with a few lagoons. The Petite Côte lies to the south of the Dakar peninsula.
The coast is more indented, with rocky and sandy types [64]. It is subject to the action
of north-westerly swells, the energy of which is dissipated by the refraction phenomena
observed around the Cape Verde peninsula. In contrast to the Grande Côte, the sediment
input from the southeast drift is low, at 10,500 to 300,000 m3 [60];

(4) The Siné-Saloum Delta is characterized by a marshy shoreline, bordered by man-
groves at river mouths;

(5) Casamance is a sandy coastline backed by a fluviomarine complex that also features
mangrove swamps [62].

Senegal’s climate is characterized by two distinct seasons, the dry season from October
to May and the rainy season from June to September. The climate is influenced by the
country’s tropical latitude and the seasonal movement of the intertropical convergence
zone (ITCZ). The dominant winds in Senegal are dry winds originating from the conti-
nental interior and moist maritime winds, from the west and northwest, responsible for
rainfall [65]. During the monsoon season, from July to October, most dominant are weak
westerly winds. Then, the region receives its main annual precipitation [66]. The arid
regions experience an annual precipitation of less than 300 mm/y, whereas the southern
areas receive an average of 1200 mm/y. Senegal’s average annual temperature from 1960 to
1990 was 27.8 ◦C, reaching monthly averages of up to 35 ◦C during the hottest seasons [67].
These factors contribute to the formation of three climate zones: coastal, Sahelian, and
Sudanic. The coastal zone is situated along a narrow strip of the Atlantic coastline span-
ning approximately 16 km from Saint-Louis to Dakar. In response to globally increasing
temperatures, the sea level off the coast of Senegal is projected to rise. Like many West
African coasts, Senegal’s coasts are marked by an information gap relating to the sea-level
rise data. According to [68], even though the Dakar tide gauge station has the longest
time series of tide gauge data in West Africa, it is characterized by a huge data gap. Apart
from [69,70], there is no research on sea-level rise over the 700 km of Senegal’s coastline.
Moreover, [69,70] do not cover the entire Senegalese coastline. In view of this lack of data
on the sea-level rise, it is difficult to provide an overall view of the trend in the sea-level
rise, particularly along the entire Senegalese coastline. Using in situ data from the Dakar
tide gauge and spatial altimetry over a long time sequence, [69] indicates that the sea-level
rise trend in the Cape Verde peninsula is estimated at 2.24 mm/year. However, a recent
paper on sea-level rise trends in Senegal, Cape Verde and Mauritania reveals that over
1993–2018, the sea-level rise trend is estimated at 1.52 mm/year [70]. Winters in this zone
are characterized by mild temperatures, with January minimums of around 17 ◦C, while
the maximum temperatures in May typically do not surpass 27 ◦C. Rainfall commences in
June, peaks in August, and concludes in October, with an average annual precipitation of
about 500 mm [65].

2. Materials and Methods

Derivation of the integrated coastal erosion vulnerability model (ICER) was conceptu-
alized through the application of the GIS-MCDA workflow, which consisted of six steps
(Figure 2).

In the first step (1), the main objective was defined. Considering that the socio-
economic vulnerability model of coastal erosion is often not included in analyses, the first
step defined two sub-indices, derivation of the physical susceptibility (PSI) and social-
economic vulnerability (SVI) to coastal erosion models.

In the second step, determination of the predisposing criteria (2) for susceptibility and
vulnerability modeling was performed according to the analyzed literature and considering
the size of the study area (coastal departments of Senegal) and the available data. Con-
straints (Boolean) criteria were defined as departments that do not border the ocean. Each
criterion was selected based on its direct relevance and impact on coastal erosion processes.
The selected criteria encompass a broad range of physical (PSI) and socio-economic (SVI)
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factors that influence coastal erosion and have effects on human communities and infras-
tructure. In Tables 1 and 3, an overview of the defined criteria is provided and examples
in the literature are shown. The selection of criteria was supported by an extensive litera-
ture review. Previous studies on coastal erosion and vulnerability assessments in similar
contexts guided the selection of criteria. With the inclusion of 18 criteria for the PSI and 8
criteria for the SVI, we ensured a comprehensive assessment that covered the dimensions
of physical susceptibility and social vulnerability. This detailed selection helps in capturing
the complex nature of coastal erosion impacts. The chosen criteria are adaptable to different
geomorphological contexts due to their fundamental relevance to coastal processes. For
instance, factors like land use and socio-economic conditions can be universally applied
but are weighted differently based on local conditions.

Table 1. Selected criteria for derivation of the coastal erosion susceptibility model (PSI).

ID Criteria Authors Data Source

1

Te
rr

es
tr

ia
l

Elevation (E) [71,72] SRTM

2 Slope (S) [72,73] SRTM

3 Vertical Distance from Channel Network (VDCN) [71] SRTM + SAGA toolbox 9.5.1

4 Lithology (L) [71] GliM v1.0

5 Topographic Wetness Index (TWI) [47,71,72,74] SRTM + SAGA toolbox

6 Topographic Positioning Index (TPI) [75] SRTM + SAGA toolbox

7 Topographic Ruggedness Index (TRI) [75] SRTM + SAGA toolbox

8 Planar Curvature (PC) [47,71,72,74] SRTM + ArcMap 10.8.1

9 Aridity Index (AI) [76] CGIAR CSI [77]

10 Aspect (A) [78] SRTM + ArcMap 10.8.1

11 Normalized Difference Vegetation Index (NDVI) [71] Sentinel 2a + ArcMap 10.8.1

12 Precipitation (P) [71,73] WorldClim [79]

13 Wind Shelter Index (WSI) [80] SRTM + SAGA toolbox

14 Wind Exposition Index (WEI) [80] SRTM + SAGA toolbox

15

M
ar

in
e

Mean Wind Fetch (MWF) [81] SRTM + Waves (2012)

16 Bathymetry (B) [82] GEBCO [83]

17 Mean Wind Speed (MWS) [84] Global Wind Atlas [85]

18 Significant Wave Height (SWH) [81] Copernicus Data Marine [86]

The standardization was carried out in the third step (3), where the defined criteria
were standardized to the same scale. In the fourth step (4), weight coefficients were
determined using the AHP.

Then, in the fifth step (5), aggregation of the selected criteria was performed to produce
the physical susceptibility (PSI) and social-economic vulnerability (SVI) models. Finally,
these models were aggregated into the integrated coastal erosion vulnerability model
(ICER). In the last (6) step, the accuracy and quality of the PSI model were validated using
the ROC curves created based on the true positive (TP) sites from the created coastal erosion
cadaster and the manually collected true negative (TN) sites.
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2.1. Selection of Physical Susceptibility Criteria

In deriving a physical susceptibility (PSI) model, eighteen criteria were selected
(Table 1). The criteria are divided into two groups: terrestrial and marine. Given that
the raster models of terrestrial criteria represent “land” and the models of marine criteria
represent “sea” (from coast to the ocean), it was necessary to find a way to merge them into
a final model of physical susceptibility (PSI) that should encompass departments bordering
the sea (from coast to interior land).

This was performed in such a way that the raster model of the terrestrial criteria
(n = 14) was derived directly for departments bordering the sea, while the model of marine
criteria (n = 4) was first derived as a coastline. This coastline was divided into vertex points
with a distance of 30 m, where each vertex had an aggregated attribute of susceptibility
(from 1–very low to 5–very high) to coastal erosion regarding the aggregated marine criteria.
Then, these points were converted into polygons with the Create Thiessen polygons tool
in ArcMap. However, given that the susceptibility to coastal erosion is being modeled, all
the polygons further than 100 m from the coastline were automatically given the value
of 1 (very low susceptibility), while the polygons closer to the coast (<100 m) kept the
attributes of the vertices from which they were created. Then, the polygons were converted
into a raster that represents the coastal erosion susceptibility model for marine criteria
and encompasses the area of departments bordering the sea. The final PSI model was
derived by aggregating the models of terrestrial criteria (n = 14) and marine criteria (n = 4)
susceptibility to coastal erosion.

Although the criteria considered for deriving physical susceptibility are not exhaustive,
they accurately represent predisposing factors for the occurrence of coastal erosion. All the
selected criteria were acquired from open access (OA) sources (Table 1). These criteria are
relevant for modeling the PSI to coastal erosion because they capture key environmental
factors that influence erosion processes. The elevation (E), slope (S), and topographic
ruggedness index (TRI) provide insights into the terrain’s steepness and variability, which
directly affect erosion rates. Factors like the lithology (L) and bathymetry (B) influence
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the strength and composition of coastal materials. Indices such as the aridity index (AI)
and precipitation (P) reflect climatic conditions that control erosion rates through water
availability and the frequency of erosive events. Wind-related indices (WSI, WEI, MWS)
and the significant wave height (SWH) indicate the energy and directionality of coastal
processes, crucial for assessing erosion potential. Together with the vegetation indices
(NDVI), these criteria offer a comprehensive framework for modeling coastal erosion
susceptibility by integrating morphometric, climatic, and ecological variables. All the
morphometric criteria were derived based on Shuttle Radar Topography Mission (SRTM),
with a spatial resolution of 30 m.

• The elevation (E) is recognized as an important criterion since low-lying coastal areas
are more prone to erosion due to the proximity to sea level.

• Although higher slope (S) values generally indicate higher susceptibility to coastal
erosion, in this research, lower values were set as an indicator of higher susceptibility
since this type of erosion prevails on the Senegal coast. Areas with lower slopes allow
the penetration of water into the interior of the land. Lower slopes may facilitate the
inland penetration of water during storm surges or high tide events. The (S) was
generated using Slope tool in ArcMap 10.8.1.

• The vertical distance from channel network (VDCN) refers to the vertical position of a
specific location relative to nearby channel networks. Locations with lower VDCN
were considered more susceptible to erosion. This criterion was generated using the
VDCN tool within SAGA toolbox.

• The lithology (L) is important in understanding the geological features of the coastal
environment. Areas with resistant composition are less susceptible to erosion. These
materials can withstand wave action and other erosive forces. Loose sediments con-
tribute to higher erosion susceptibility and are more prone to being transported by
waves and currents (Figure 3).

• The topographic wetness index (TWI) provides insights into the hydrological charac-
teristics of the terrain, characterizing its potential relative wetness or moisture content.
Since a higher TWI indicates the increased moisture content, this means that these
areas are more prone to saturation, making them susceptible to coastal erosion.

• The topographic positioning index (TPI) provides the relative topographic position
of the specific point as the difference between its elevation and the mean elevation
of the user-defined neighborhood. Since a positive TPI generally indicates elevated
positions, this value is considered less susceptible to coastal erosion.

• The topographic ruggedness index (TRI) quantifies the variability in elevation within a
defined neighborhood, providing a measure of the roughness of a landscape. A higher
TRI may indicate diverse topographic features, such as cliffs, rocky shorelines, or
irregular coastal formations. Similar to the slope criteria, this parameter can influence
coastal erosion susceptibility in two ways. However, given the specificity of coastal
erosion in Senegal, lower values indicate increased susceptibility. The TWI, TPI and
TRI criteria were generated using tools within the SAGA toolbox (Figure 3).

• The planar curvature (PC) characterizes the curvature of land, providing information
about how the surface is shaped. Areas with concave curvature, forming depressions,
are recognized as those susceptible to coastal erosion. This criterion was generated
using the Curvature tool in Arc Map.

• The aridity index (AI) quantifies the dryness or aridity based on the balance between
precipitation and potential evaporation. In coastal areas with a higher aridity index,
the vegetation cover may be sparse and the soil may lack sufficient moisture. This can
lead to reduced stability and increased vulnerability to erosion.

• The aspect (A) represents the exposure of the slope. Higher susceptibility values are
given to those slopes that are exposed to the west side (Figure 3).

• The normalized difference vegetation index (NDVI) is widely used for quantifying
the health and density of vegetation. Higher NDVI values are related to lower suscep-
tibility to coastal erosion since they indicate denser and healthier vegetation. Cover
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such as mangroves, seagrasses, or shrubs provides stabilizing effects, reducing the
susceptibility to erosion. The NDVI was generated using the Image Analysis tool in
ArcMap from Sentinel 2A imagery.

• The precipitation (P) can impact the susceptibility to coastal erosion since higher pre-
cipitation levels can cause increased runoff and the potential occurrence of water flow.

• The wind exposition index (WEI) criteria represent the average wind effect index for
all directions using an angular step. Coastal areas with higher wind exposure are
generally more susceptible to erosion. Winds from the ocean can result in stronger
wave action, increased wind-driven erosion, and higher susceptibility to coastal retreat.
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shadowed areas. The WSI has been generated using the SAGA toolbox. It was created
as a weighting model of dominant winds that cause waves on the coast of Senegal
(wind direction ranging from 180◦ to 0/360◦). The weight coefficients of selected
winds are calculated as their wind frequency percentage (Table 2). These data were
used in the derivation of the mean wave fetch (MFW) criterion. Data from wind
frequency rise used for the derivation of this model was downloaded from the [85]
website (Figure 4).

Table 2. Direction of winds and calculated wind frequency used in the analysis.

Wind Frequency (%) Frequency (%) of Selected Wind Sector Wind Direction (◦)

1.0 1.7 6 180

3.0 0.5 7 210

7.0 11.7 8 240

15.0 25.0 9 270

15.0 25.0 10 300

10.0 16.7 11 330

9.0 15.0 12 360/0

• The mean wind fetch (MWF) refers to the distance over the water surface that wind
travels to generate waves. It directly influences the energy and intensity of waves.
Longer wind fetch distances allow waves to build up more energy as they travel across
the water surface. This accumulated energy can result in more significant wave heights
and greater erosive potential, leading to higher susceptibility to erosion. This criterion
was generated using the Waves (2012) toolbox.
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• The bathymetry (B) can indirectly influence coastal erosion susceptibility. It impacts the
transformation of waves as they approach the coastline. Shallower water depths cause
waves to steepen and increase in height, amplifying their erosive power. Therefore,
shallower bathymetry can lead to higher coastal erosion susceptibility due to the
higher wave energy.

• The significant wave height (SWH) is a measure of the average height of the highest
one-third of waves in a given area. It directly influences the erosive power of waves
and their impact on coastal environments. Higher significant wave heights indicate
more energetic waves capable of exerting greater force on the coastline, leading to
increased erosion susceptibility (Figure 4).

2.2. Selection of Socio-Economic Vulnerability Criteria

Eight criteria were selected in deriving a socio-economic vulnerability model (SVI) for
coastal erosion (Table 3). Although the criteria considered for social vulnerability are not
exhaustive, they accurately represent social pressure in this study area. All the selected
criteria were acquired from open access (OA) sources. The criteria used in the modeling of
the (SVI) are selected such that they meet two requirements: (1) best represent the basic
infrastructure/social element necessary for the functioning of the urban/rural system
(population density, roads, hospitals, schools, other infrastructure, shops, etc.); and (2) are
available as GIS data.

These criteria are relevant for SVI modeling of coastal erosion because they capture the
essential human and infrastructural elements. The population count (PC) and population
density (PD) indicate the number of people potentially affected by erosion. The densities
of the road network (RND), health infrastructure (HID), educational infrastructure (EID),
and other critical infrastructure (DCRIT) highlight the accessibility and availability of
essential services. The density of residential units (DRES) provides insight into housing
exposure. The land use and land cover (LU/LC) offer a comprehensive view of how land
is utilized, reflecting the economic activities and ecological. Together, these criteria include
the demographic, infrastructural, and land-use aspects necessary for an SVI assessment.

Table 3. Selected criteria for the social-economic vulnerability model (SVI).

ID Criteria Authors Data Source

1 Population count (PC) [87,88] WordPop [89]

2 Population density (PD) [73,87,88] WordPop [89]

3 Density of road network (RND) [88] [90] + ArcMap Analysis

4 Density of health infrastructure (HID) [91] [90] + ArcMap Analysis

5 Density of educational infrastructure (EID) [92] [90] + ArcMap Analysis

6 Density of other critical infra. (DCRIT) [93] [90] + ArcMap Analysis

7 Density of residential units (DRES) [73] [90] + ArcMap Analysis

8 Land use/land cover (LU/LC) [47,71–73,88,94] ESA WorldCover [95]

• The PC and PD are fundamental criteria in assessing SVI. The coastal population
concentration can significantly influence coastal erosion [87]. Larger populations and
areas with higher population densities can face significant challenges in evacuation,
resource distribution, and emergency response during coastal erosion events (Figure 5).

• The set of criteria regarding the RND, HID, EID, DRES and DCRIT were placed in such
a way that higher values indicate higher vulnerability to coastal erosion, suggesting
a greater concentration of population, infrastructure, and assets in areas that can be
affected by coastal erosion [88].

All the criteria regarding the critical infrastructure were acquired from the Geofab-
rik website. Health infrastructure included clinic, dentist, doctors, hospital, nursing home,
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pharmacy and polyclinic attributes. Educational infrastructure included school, university,
kindergarten and college attributes, while other critical infrastructure included mall, bank,
post office, department store, marketplace, supermarket, food court and convenience store attributes.
All the raster density models (cell size = 30 m) were derived using the Line Density and
Kernel Density tools within ArcMap. The search radius was set to 2000 m.

Although potential overlap occurs between the critical infrastructure criteria and
the LU/LC, it was necessary to include the LU/LC as separate criteria in the analysis.
The LU/LC provide a comprehensive overview of the general LU/LC classes across
the Senegal coast. This broader perspective is essential for understanding the overall
distribution of built-up areas, which includes but is not limited to critical infrastructure. The
“Built-up” class captures all the urbanized and developed areas, encompassing residential,
commercial, and other non-critical infrastructures. Also, this criterion indicates data about
other classes that can have an important impact when modeling social vulnerability to
coastal erosion (e.g., swamps, mangroves, etc.). Furthermore, while specific infrastructure
data (e.g., density of health and educational facilities) are critical, they represent only a
subset of the built environment, which does not have to be complete given that the OSM,
i.e., Geofabrik is used as a data source
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2.3. Criteria Standardization

Depending on the criterion type, the standardization was performed using the decision-
maker standardization method and Jenks (natural breaks) classification method. The criteria
are standardized on the same scale ranging from 1 to 5 (1—very low, 2—low, 3—medium,
4—high, 5—extremely high) (Table 4). When using diverse criteria for a specific GIS-MCDA
model, it is justified to employ different standardization methods. This is because each
criterion can vary in its nature and distribution, which requires the application of a specific
standardization method. Using different standardization methods ensures that each crite-
rion is transformed in a scale that best reflects its contribution to a specific phenomenon
or process. As long as all the criteria are ultimately standardized on the same scale, from
1 (very low susceptibility) to 5 (very high susceptibility), the comparability and integration
of standardized criteria are maintained. Figure 6 shows the standardized terrestrial criteria
for physical susceptibility (PSI) to coastal erosion.
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standardization method has been used in the standardization of L, S, E, VDCN, PC, A, MFW
and B (Table 4). Figure 7 shows standardized marine criteria for physical susceptibility to
coastal erosion.

Table 4. Standardized values of criteria for physical susceptibility to coastal erosion.

Standardization Method Criteria 1 (Very Low) 2 (Low) 3 (Medium) 4 (High) 5 (Very High)

Jenks
(natural breaks)

TWI 4.7–8.1 8.2–9.2 9.3–11 12–13 14–25

TPI 2.2–26 0.64–2.2 −0.68–0.64 −2.3–−0.68 −41–−2.3

TRI 54–540 20–53 6.4–19 0.01–6.3 0

AI 5315.87–6744 3649.7–5315.86 2062.88–3649.69 1269.47–2062.87 0–1269.46

SWH 0–0.55 0.55–0.75 0.75–1 1–1.25 >1.25

NDVI 0.19–0.49 0.13–0.19 0.09–0.13 0.01–0.09 −0.20–0.01

P 13–29 29–45 45–66 66–96 96–115

MWS 2.54–4 4–4.55 4.55–4.9 4.9–5.2 5.2–5.75

WSI 0.6–5.8 5.8–7.88 7.88–9.83 9.83–11.67 11.67–12.99

WEI 0.81–0.96 0.96–0.99 0.99–1.03 1.03–1.06 1.06–1.27

Decision-maker

E >40 20–40 10–20 5–10 0–5

S >32 12–32 5–12 2–5 0–2

VDCN >40 20–40 10–20 5–10 −5–5

L WB * IVR * CRS * SSR * US *

PC Convex - Flat - Concave

A E NE/SE Flat/N/S SW/NW W

MFW 0–52,827 52,827–114,827 114,827–169,969 169,969–212,184 212,184–266,131

B −30–−81 −10–−30 −5–−10 −2–−5 0–−2

* WB—water bodies, IVR—intermediate volcanic rocks, CSR—carbonate sedimentary rocks, SSR—siliciclastic
sedimentary rocks, US—unconsolidated sediment.
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All the socio-economic vulnerability (SVI) criteria apart from the LU/LC have been
standardized using the Jenks classification method (Table 5). This method is used when
experts cannot establish exact class boundaries that would describe susceptibility or vul-
nerability on a defined scale from 1 to 5. Then, the Jenks method breaks the class values
in a way that groups similar values and maximize the differences among classes [96]. The
LU/LC has been standardized using the decision-maker standardization method. Figure 8
shows the standardized socio-economic criteria for vulnerability to coastal erosion.

Table 5. Standardized values of criteria for socio-economic susceptibility to coastal erosion.

Standardization Method Criteria 1 (Very Low) 2 (Low) 3 (Medium) 4 (High) 5 (Very High)

Jenks (natural breaks)

PC 0–10.17 10.17–37.3 37.3–122.07 122.07–247.53 247.53–432.34

PD 0–396.25 396.25–2641.69 2641.69–10,566.76 10,566.76–20,208.94 20,208.94–33,681.56

RND 0–1.14 1.14–3.42 3.42–8.63 8.63–18.01 18.01–32.34

HID 0–0.26 0.26–1.36 1.36–3.42 3.42–6.66 6.66–11.17

EID 0–0.65 0.65–2.66 2.66–5.96 5.96–10.7 10.7–18.31

DCRIT 0–0.68 0.68–2.55 2.55–5.4 5.4–8.73 8.73–13.25

DRES 0–83.97 83.97–356.86 356.86–860.67 860.67–1647.87 1647.87–2676.47

Decision-maker LU/LC PWB * M/HW * TC/SH * GR/CR * BUILT/BARE *

* PWB—permanent water bodies, HW—herbaceous wetland, M—mangroves, TC—tree cover, SH—shrubland,
GR—grassland, CR—cropland, BUILT—built-up, BARE—bare/sparse vegetation.
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2.4. Weight Coefficients Determination

The weight coefficients (WCs) were determined using the analytical hierarchy process
(AHP). Through the derivation of the consistency ratio (CR), the consistency of the weight
coefficient calculation was verified. The weight coefficients are consistently determined if
the CR value is less than 0.1 [97].

CR =
CI
RI

(1)

where:
CI = consistency index
RI = random index
Table 6 shows the WCs determined for the socio-economic vulnerability criteria. (PD)

and (PC) are assigned the highest importance due to their role in determining the scale
and intensity of social interactions and resource consumption. (LU/LC) follows closely
as it can be used as a physical criterion and represents the interaction of society and
biophysical material. (DHI) and (DEI) follow since they determine access to essential
services, affecting both immediate and long-term resilience against socio-economic shocks.
(RDN) has a slightly lower coefficient than (DHI) and (DEI) since the quality of the transport
infrastructure is not particularly pronounced for this area. Namely, certain services can be
reached even if the roads are blocked, considering that it is a very flat terrain. Lastly, the
(DRES) and (DCRIT) are assigned the lowest coefficients, primarily due to the somewhat
poorer data quality compared to the other criteria. In addition, (DCRIT) includes, for
example, shops and post offices, which, in the context of vulnerability modeling, can be
considered less important than hospitals and schools. Overall, this WC determination aligns
with the understanding that socio-economic vulnerability is a multifaceted occurrence
influenced by various factors, with population dynamics, infrastructure availability, and
land use patterns being among the most influential determinants.

Table 6. Weight coefficients of the socio-economic criteria.

PD PC LU/LC DHI DEI RND DRES DCRIT AHP

PD 1 1 2 3 3 4 4 5 0.249 24.9%

PC 1 1 2 3 3 4 4 5 0.249 24.9%

LU/LC 1/2 1/2 1 2 2 3 4 4 0.157 15.7%

DHI 1/3 1/3 1/2 1 1 2 2 3 0.096 9.6%

DEI 1/3 1/3 1/2 1 1 2 2 3 0.096 9.6%

RND 1/4 1/4 1/3 1/2 1/2 1 1 2 0.058 5.8%

DRES 1/4 1/4 1/3 1/2 1/2 1 1 2 0.058 5.8%

DCRIT 1/5 1/5 1/4 1/3 1/3 1/2 1/2 1 0.037 3.7%

CR = 0.01888

Table 7 shows WCs for the terrestrial criteria of physical susceptibility to coastal
erosion. (E) has the highest value as it directly influences exposure to coastal processes and
inundation risk. (L) follows since it determines the erodibility of coastal landforms. The
third is (NDVI), because vegetation cover acts as a natural buffer against erosion. (S) holds
importance as it determines the ease of water penetration into the coastal area, although
depending on the type of coast, higher slopes can be more susceptible to coastal erosion,
mainly through abrasion. (VDCD) and (A) have somewhat higher WCs than the other
remaining parameters because they to a greater extent influence the potential hydrological
processes and exposure to erosive forces (wind). They are followed by a combination
of climatological and morphometric parameters, (P), (WSI), (WEI), and (PC), which are
estimated to have less importance. Topographic indices can contribute to coastal erosion
susceptibility by capturing landscape morphology, but considering the quality of the input
data and the sparse literature, it was decided that they have the lowest weight coefficient.
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Table 7. Weight coefficients of the physical (terrestrial) criteria.

E L NDVI S VDCN A AI P WSI WEI PC TPI TRI TWI AHP

E 1 1 3 4 5 5 6 6 6 6 7 8 8 8 0.224 22.4%

L 1 1 2 3 4 4 5 5 5 5 6 7 7 7 0.187 18.7%

NDVI 1/3 1/2 1 2 3 3 4 4 4 4 5 6 6 6 0.131 13.1%

S 1/4 1/3 1/2 1 2 2 3 3 3 3 4 5 5 5 0.093 9.3%

VDCN 1/5 1/4 1/3 1/2 1 1 2 2 2 2 3 4 4 4 0.063 6.3%

A 1/5 1/4 1/3 1/2 1 1 2 2 2 2 3 4 4 4 0.063 6.3%

AI 1/6 1/5 1/4 1/3 1/2 1/2 1 1 1 1 2 3 3 3 0.040 4.0%

P 1/6 1/5 1/4 1/3 1/2 1/2 1 1 1 1 2 3 3 3 0.040 4.0%

WSI 1/6 1/5 1/4 1/3 1/2 1/2 1 1 1 1 2 3 3 3 0.040 4.0%

WEI 1/6 1/5 1/4 1/3 1/2 1/2 1 1 1 1 2 3 3 3 0.040 4.0%

PC 1/7 1/6 1/5 1/4 1/3 1/3 1/2 1/2 1/2 1/2 1 2 2 2 0.026 2.6%

TPI 1/8 1/7 1/6 1/5 1/4 1/4 1/3 1/3 1/3 1/3 1/2 1 1 1 0.017 1.7%

TRI 1/8 1/7 1/6 1/5 1/4 1/4 1/3 1/3 1/3 1/3 1/2 1 1 1 0.017 1.7%

TWI 1/8 1/7 1/6 1/5 1/4 1/4 1/3 1/3 1/3 1/3 1/2 1 1 1 0.017 1.7%

CI = 0.0323

Table 8 shows WCs for the marine criteria of susceptibility to coastal erosion. (SWH) is
the most important factor as it represents the primary driver of coastal erosion, with higher
wave heights having greater erosive potential. (MFW) follows, as it determines the distance
over which waves can build up and generate energy, influencing the intensity of wave
action. (MWS) affects wave generation and propagation, influencing the energy transferred
to the coastline and subsequently impacting erosion rates. However, it was estimated that
it has a smaller influence than the previous two factors. (B), although with a smaller WC, is
still important as it defines the underwater topography and can influence wave behavior
and erosion patterns. This prioritization aligns with the understanding that coastal erosion
is primarily driven by wave dynamics. By assigning higher weights to (SWH) and (MFW),
the ranking highlights the significance of wave characteristics in assessing susceptibility to
coastal erosion.

Table 8. Weight coefficients of the physical (marine) criteria.

SWH MFW MWS B AHP

SWH 1 2 3 4 0.466 46.6%

MFW 1/2 1 2 3 0.277 27.7%

MWS 1/3 1/2 1 2 0.161 16.1%

B 1/4 1/3 1/2 1 0.096 9.6%

CI = 0.0146

2.5. Aggregation of Criteria

The GIS-MCDA aggregation of the selected sub-indices was performed to produce the
final integrated coastal erosion vulnerability model (ICER). Derivation was performed using
the Weighted Overlay tool in ArcMap. First, the terrain and marine criteria of susceptibility to
coastal erosion were aggregated in order to produce the physical susceptibility model (PSI).
Then, the standardized social-economic criteria have been aggregated in the socio-economic
vulnerability index (SVI). Finally, these two models were aggregated into the integrated
coastal erosion vulnerability model (ICER). The final ICER model was derived as the sum
of the PCI and SVI models with equal weighting coefficients (0.5 and 0.5). In the absence
of relevant information on the relative impact of the physical and socio-economic indices,
the simple average method (SAM) was chosen. In it, equal weightage to the sub-indices is
assigned in order to illustrate the complexity of coastal vulnerability.
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2.6. Accuracy Assessment of PSI Model

The validation of the model accuracy has been performed by the overlapping reference
data (coastal erosion cadastre sites) with the PSI model using the ROC curve. The ROC
curve represents a diagram in which the true positive rate (TPR) values, shown on the
y-axis, are placed in relation to the false positive rate (FPR) values, shown on the x-axis
of the diagram [47]. For reference data, a coastal erosion cadaster was created based on
the analysis of relevant scientific papers, which served as the (TP) sites for the ROC curve
creation. A total of 18 (TP) locations were acquired on the coast of Senegal, with attributes
of the location, shoreline type, study period, and erosion rate (Table 9). Six (TN) points
were manually collected based on locations along sections of Senegal’s coast characterized
by erosion-resistant lithological units. These TN points serve as references for validating
the accuracy of the model’s very low and low susceptibility classes, thus improving the
reliability of the created ROC curves. The validation of the PSI model and ROC curve
derivation were automated with the ArcSDM tool (extension of ArcMap).

Table 9. Locations of coastal erosion sites (cadastre)—true positive sites.

ID Sites Type of Coast Source Study Period Erosion Rate (m)

1 Djiffere Sandy arrow [40] 1989–2013 −3.83

2 Saly (Petie Côte) Sandy beach [36] 1979–2022 −0.67

3 Popenguine Sandy/rocky beach [46] 1954–2022 −0.52

4 Bargny Sandy beach [98] 1954–1978 −1

5 Rufisque Sandy beach [41] 2006–2022 −0.026

6 Cap-Des-Biches Rocky beach [98] 1954–1978 −0.73

7 Mbao Sandy beach [98] 1954–1978 −1.4

8 Dakar Rocky beach [56] 1954–2015 −1.06

9 Gorée Sandy beach [99] 1942–2011 −6.62

10 Guediawaye Sandy beach [100] 1942–2011 −0.15

11 Malika Sandy beach [100] 1942–2011 −0.15

12 Saint-Louis Sandy beach [101] 2004–2020 −2.4

13 presqu’île aux oiseaux Sandy beach [21] 1986–2017 −0.98

14 Casamance Sandy beach [21] 1968–2017 −6

15 Saint-Louis Sandy beach [33] 1984–2016 −3.72

16 Saloum delta - [102] 1954–2018 −3.56

17 Palmarin - [103] 2014–2018 −3.05

18 Rufisque Sandy beach [104] 2008–2018 −6.67

3. Results
3.1. Physical Susceptibility (PSI) and Socio-Economic Vulnerability (SVI) Models

Figure 9 shows the final physical susceptibility (PSI) and socio-economic vulnerability
(SVI) to coastal erosion models. The models indicate that areas with high PSI to coastal
erosion do not necessarily coincide with areas of high SVI. For example, the coastal zone
between Dakar and Saint-Louis has high PSI (Figure 9 between C and B), while the SVI
values for that area are low (Figure 9 between G and F). This is because in that area,
except for smaller fishing settlements, there is not a large concentration of population
and infrastructural density. However, locations with significant socio-economic density
(e.g., Dakar and surrounding areas, Saint-Louis and Petite Côte) and landscapes susceptible
to coastal erosion can be identified as “hot-spots”. These locations are characterized by
high PSI and SVI values.
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The PSI reveals a spatial disparity in the coastal erosion susceptibility along the entire
Senegal coastal departments, although zones of high and very high susceptibility dominate
near the coastline. In total, the area of classes of very high (5) and high (4) susceptibility
to coastal erosion covers about 28% of the total area of coastal departments (Table 10).
It is easy to see that the unconsolidated sediments, mainly sandy coasts, are marked by
significant erosion, namely Saint-Louis (north coast of Senegal) (B), Cap-Skiring (D), and
the sandy spits of the Saloum islands (C) to the south of Dakar (Figure 9).

The Saint-Louis area is the first recognized as a “hot spot” of susceptibility to coastal
erosion. It is susceptible to coastal erosion due to the delta formation: low-lying areas
naturally prone to erosion from both tidal action and wave energy, especially during storms
and high tides. The coastline around Saint-Louis experiences significant wave action and
currents from the Atlantic Ocean. The coast around Dakar, including beaches such as Yoff
and Ngor, is exposed to strong waves and human activities that can exacerbate erosion.
The secure storage areas for fishing boats are decreasing in this area, and fishing docks are
being destroyed. The main fishing points (Yoff, Soumbedioune, Hann, etc.) are particularly
vulnerable to the impacts of coastal erosion. The Cape Verde peninsula to the west of Dakar,
on the other hand, is not much affected by coastal erosion (C). This may be due to the
nature of the coastline, which is essentially made from erosion-resistant volcanic rocks.
The coast of Petite Côte, with the exception of certain hot spots on the coast, in relation to
the entire coastal area of Senegal, is located in the medium PSI class. This area is known
for its tourist settlements and sandy beaches. However, intensive tourism development
and changes in land use may contribute to greater susceptibility to erosion. For example,
the location with very high PSI in this area is the seaside resort of Saly Portudal, 80 km
from Dakar. Its predominantly sandy coastline comprises narrow beaches (10 to 70 m) and
low-profile topography. The Saloum Delta in the PSI model is dominantly recognized as an
area of very high physical susceptibility. The Saloum Delta is rich in biodiversity, inhabited
by more than 100,000 people. Although this tropical mangrove ecosystem can mitigate
the erosive impact of waves, its ecosystem is currently under pressure because of climate
change and unsustainable use of the mangrove forests. The next area that is dominantly
classified as a high PSI area is the northern Lower Casamance. It is an area known for its
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river estuaries and mangrove forests, which is subject to a wide range of hazards mainly
caused by climate change. The detected coastal erosion susceptibility is consistent with the
results of previous research on coastal erosion along the Senegalese coast (Table 9).

Table 10. Area and percentage of PSI and SVI classes for departments.

PSI Classes Area (km2) Percentage (%) SVI Classes Area (km2) Percentage (%)

1 (very low) 6135.3 17.53 1 (very low) 10,537.84 30.12

2 (low) 10,710.8 30.61 2 (low) 21,668.57 61.92

3 (medium) 8183.7 23.39 3 (medium) 2288.92 6.54

4 (high) 5454.0 15.59 4 (high) 388.56 1.11

5 (very high) 4507.9 12.88 5 (very high) 107.78 0.31

The SVI model shows that Dakar and Saint-Louis are the locations most socio-economically
vulnerable to coastal erosion (Figure 9). This situation is the result of a strong presence of
coastal infrastructure (people and their property). These areas are characterized by strong
urban growth, which translates into high levels of anthropization. On the other hand, sites
such as Cap-Skiring and the Saloum islands (south of Dakar), which are not vulnerable, are
not socially or economically exposed. Given that the population in Senegal’s coastal areas
is concentrated in a few larger cities, the area of very high (5) and high (4) socio-economic
vulnerability to coastal erosion is small and includes only 1.3% of the total area of the
coastal departments.

3.2. Final Integrated Coastal Erosion Vulnerability Model (ICER)

Figure 10 shows the final integrated coastal erosion vulnerability model (ICER) derived
on the basis of the PSI and SVI. Both the PSI and SVI had the same weight coefficient (0.5)
in the derivation of the ICER.
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The very high (5) and high (4) classes within the ICER cover around 31% of the coastal
departments’ total area (Table 11), mostly encompassing a narrow coastal strip and low
river valleys and mouths characterized by a high degree of anthropization and coastline
development, as well as geological and geomorphological features that increase their
susceptibility to coastal erosion. These models have shown that sections of the Senegalese
coastline, namely Dakar, Saint-Louis and Casamance, are major hotspots, i.e., areas that are
highly vulnerable to coastal erosion.

Table 11. Area and percentage of ICER classes for coastal departments.

ICER Classes Area (km2) Percentage (%)

1 (very low) 5218.5 14.91

2 (low) 10,454.6 29.88

3 (medium) 8145.7 23.28

4 (high) 5607.8 16.03

5 (very high) 5565.1 15.90

4. Discussion
4.1. Coastal Erosion in Senegal

In this paper, we have assessed the susceptibility and vulnerability of Senegal’s coastal
zone to coastal erosion using a GIS-MCDA approach. This method, on this scale and with
this number of criteria, was being used for the first time for the coast of Senegal with
the aim of quantifying or identifying sectors vulnerable to coastal erosion. Data from
various, mostly open, sources was used. The PSI and SVI were used to generate the ICER,
while additionally, a spatial analysis was carried out to identify sections of the Senegalese
coastline vulnerable to coastal erosion. The indices obtained were used to map vulnerability
to coastal erosion and to classify these areas according to their level of vulnerability. This
vulnerability does not appear to be uniform along the Senegalese coastline. The entire
Senegalese coastline can be regarded as somewhat vulnerable to coastal erosion, but it
is important to point out that this vulnerability does not appear to be uniform along the
coastline, indicating a degree of spatial variability, where Saint-Louis and parts of Dakar
are the most exposed to coastal erosion.

In Dakar, it is easy to see that virtually the entire coastline of the region is eroding
(Figure 10). The only exception is a small portion of the region, located more precisely on
the Cape Verde peninsula, that is at low risk. This reflects the geological, geomorphological
and bioclimatic conditions of the Cape Verde peninsula, which is also characterized by the
presence of cliffs with hard lithological features. According to [105], the rocky coasts are
retreating less rapidly than the sandy coasts. Furthermore, the work of [100] highlights ero-
sion rates estimated at −0.15 m/year on the Cape Verde peninsula between 1942 and 2011.
However, apart from the Cape Verde peninsula, much of the Dakar region is characterized
by the presence of sandy beaches, which explains the erosive dynamics of its beaches. This
erosion has a considerable impact on the socio-economic activities developed in Dakar.
Assessing the potential economic losses likely to be caused by coastal erosion in Dakar in
2030 and 2040, the paper of [106] reports economic losses estimated at 38,507,856,000 and
57,822,698,000 CFA francs, respectively. Furthermore, like the capital Dakar, the Petite Côte,
located to the south of Dakar, is vulnerable to coastal erosion. As a highly urbanized area,
the Petite Côte suffers the full force of erosion, which results in the destruction of human
habitats and the decline of socio-economic activities such as trade, tourism, fishing and
related activities. Numerous studies carried out in the area indicate that coastal erosion is
an obstacle to socio-economic activities [62,107–110].

In addition, as the coast is essentially made up of unconsolidated sandy beaches, the
susceptibility to coastal erosion increases as you head north, particularly on the Grande
Côte (from Yoff to Saint-Louis). However, it seems clear that the northern section of
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the coast is the most sensitive to coastal erosion. It should be noted that the factors
explaining this erosion have already been mentioned. These regions are characterized
by a high degree of anthropization and coastline development, as well as geological and
geomorphological features that increase their vulnerability to coastal erosion [37,111–113],
but also by its high-energy wave climates [34]. For example, the Saint-Louis coastline,
particularly the Langue de Barbarie, is located on a low sandy barrier beach that is highly
sensitive to coastal erosion [114,115]. According to [116], due to its distinctive physical and
socio-economic characteristics, the Saint-Louis region is among the areas in Senegal most
vulnerable to the adverse impacts of coastal erosion. Today, most morphodynamic studies
carried out in Senegal identify the Saint-Louis coastline as being the most vulnerable to
coastal erosion [117]. In this area, erosion persists as a significant social, economic, and
environmental issue. In addition to causing economic and environmental damage, it has
also resulted in the disappearance of certain villages, such as Doun Baba Dièye [118]. Our
results are fully consistent with those of [33,36,101,116,119].

In the Lower Casamance, erosion is variable, with the Cap-Skiring sector showing low
erosion rates. To the north of this area, toward Kafaountine, Carabane and Diogué, erosion
is very intense. Research carried out on the Lower Casamance coast by [120–123] shows
that this part of the coast is vulnerable to coastal erosion. The erosive dynamics observed
on the Casamance coast are likely to increase, especially in the context of the exploitation of
resources. Indeed, ref. [124] argues that zircon mining is a catalyst for the coastal erosion
observed along the Lower Casamance coastline. As with other sites, coastal erosion is a real
obstacle to the area’s influence and economic development. The research of [123,125–127]
has clearly shown that the retreat of the coastline is changing the geographical landscape of
the region, causing the silting up of mangroves and the salinization of the land, with the
consequent loss of rice fields.

Several studies show that natural factors have a determining influence on the evolution
of coastlines [103,128], but some results indicate that human activities can be the main
cause of coastal erosion [129]. In fact, the areas most exposed to erosion on the Senegalese
coast are those characterized by a strong human presence. This is mainly due to the
greater population and employment density in these regions, namely Dakar, Saint-Louis
and Mbour (Petite Côte). Coastal areas are socially and economically very important,
which leads to strong human convergence [130]. Hence, the staggering financial cost of the
degradation of Senegal’s coastal zones, estimated at USD 537 million, which corresponds
to a slowdown in GDP of around 3.3% [131].

As the ROC curves indicate the high accuracy of the created GIS-MCDA model, it
can be considered as a valuable tool for coastal management and planning initiatives. Its
performance metrics indicate strong discriminatory power and suggest that the derived
models can be a valuable tool for coastal management and planning initiatives. Our results
are in line with those of [21,35,37,40,41,43,56,116,127]. These studies have shown that
sections of the Senegalese coastline, namely Dakar, Saint-Louis and Casamance, are major
hotspots, i.e., areas that are highly vulnerable to coastal erosion.

The ICER has a few advantages over existing coastal vulnerability indices. The
ICER integrates 26 criteria (18 for physical susceptibility and eight for social-economic
vulnerability). This approach provides a more detailed assessment compared to simpler
indices of coastal vulnerability, which typically use fewer criteria. By deriving two sub-
indices (PSI and SVI) specific to Senegal’s coastal departments, the ICER accounts for
local variations in susceptibility to coastal erosion and social-economic vulnerability. This
customization ensures that the model is more relevant and accurate for the region compared
to generalized indices.

Even though the resulting model faithfully reflects the realities, it is important to point
out that the diversity of the data sources used in the work and the disparate spatial and
temporal resolutions may affect the results. Furthermore, in the context of climate change,
the sea-level rise is a real threat to coastal areas [132–135]. Moreover, a host of studies have
shown that the sea-level rise makes coasts more vulnerable to coastal erosion [136–143].
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However, in the context of this research, it is clear that the parameter of the sea-level rise
is not included in the model input data, which risks minimizing the vulnerability of the
coastal erosion risk on the line under study. Thus, in the future, for a good understanding
of the risk of marine submersion, it is important to take these parameters into account for a
complete modeling of the coastal erosion phenomenon.

4.2. Accuracy Assessment of PSI

The AUC value represents the measure of accuracy of an analyzed model in relation
to the reference data, where excellent (0.9–1), very good (0.8–0.9), good (0.7–0.8), bad
(0.6–0.7) and unsuccessful (0.5–0.6) models can be differentiated [47]. If just the TP sites
are considered, the AUC value for the PSI model is 0.881, which proves that the created
model achieves very good accuracy in the determination of coastal erosion susceptibility
(Figure 11B). However, if both the TP and TN sites are considered, the AUC values are even
higher. An AUC of 0.907 indicates that the PSI model performs very well in distinguishing
locations where coastal erosion is observed (TP sites) from those where it is not (TN sites)
(Figure 11C). This suggests that the PSI model has high capability in identifying areas prone
to erosion based on the considered physical, marine, and terrestrial susceptibility criteria.
It also accurately identifies locations where coastal erosion is not occurring.
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5. Conclusions

This research derived the ICER model by the aggregation of the PSI and SVI mod-
els using the GIS-MCDA approach. The PSI model shows a spatial disparity regarding
susceptibility to erosion within coastal departments with a share of very high (5) and high
(4) classes of about 28%. Unconsolidated, mainly sandy coasts are recognized as the areas
most susceptible to erosion, namely Saint-Louis (north coast of Senegal), Cap-Skiring, and
the sandy spits of the Saloum islands (C) to the south of Dakar. The Cape Verde peninsula
to the west of Dakar, on the other hand, is not much affected by coastal erosion. In the
SVI model, densely populated areas and built-up areas are recognized as most vulnerable
to coastal erosion, where Dakar and St. Louis stand out. Given that the population in
Senegal’s coastal areas is concentrated in few larger cities, the area of very high (5) and high
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(4) socio-economic vulnerability to coastal erosion is small and includes only 1.3% of the
total area of the coastal departments.

Both the PSI and SVI models had the same weight coefficient (0.5) in the derivation
of the ICER. The very high (5) and high (4) ICER areas cover around 31% of the coastal
departments’ total area, mostly encompassing a narrow coastal strip and low river valleys
and mouths characterized by a high degree of anthropization and coastline development, as
well as geological and geomorphological features that increase their susceptibility to coastal
erosion. These models have shown that sections of the Senegalese coastline, namely Dakar,
Saint-Louis and Casamance, are major hotspots, i.e., areas that are highly vulnerable to
coastal erosion. The AUC for the TP and TN sites generated values of 0.907 and 0.881 values
for the PSI model, making it reliable for predicting coastal erosion sites.

The derived sub-indices are important in order to determine coastal vulnerability
based on a socio-ecological approach. This research relies on the integration of natural
(terrestrial and marine) and socio-economic criteria to determine their mutual interaction
in describing the vulnerability to coastal erosion. The utility of the ICER is the ability to
provide a detailed, in the context of the regional scale of research (coastal departments of
Senegal), and accurate assessment of integrated coastal vulnerability, which is essential
for informed decision-making. The efficiency of the ICER lies in the use of open-source
data and the GIS-MCDA method, which enables the integration of complex datasets. This
approach can help with the detection and prioritization of areas in which intervention in
the context of mitigation of coastal erosion problems is necessary.

This study and the derived models can serve as a decision support tool for the construc-
tion of an appropriate integrated coastal zone management (ICZM) model for Senegal’s
coastal zone.
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