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Coastal vulnerability assessment
of the West African coast
to flooding and erosion

Olusegun A. Dada'?*“, Rafael Almar'** & Pierre Morand?

Global coastal areas are at risk due to geomorphological issues, climate change-induced sea-level
rise, and increasing human population, settlements, and socioeconomic activities. Here, the study
examines the vulnerability of the West African (WA) coast using six satellite-derived geophysical
variables and two key socioeconomic parameters as indicators of coastal vulnerability index (CVI).
These geophysical and socioeconomic variables are integrated to develop a CVI for the WA coast.
Then, the regional hotspots of vulnerability with the main indicators that could influence how the

WA coast behaves and can be managed are identified. The results indicate that 64, 17 and 19% of WA
coastal areas had high to very high CVI, moderate CVI, and low to very low CVI, respectively. The study
reveals that while geophysical variables contribute to coastal vulnerability in WA, socioeconomic
factors, particularly high population growth and unsustainable human development at the coast,
play a considerably larger role. Some sections of the WA coast are more vulnerable and exposed than
others, particularly those in the region’s northwestern and Gulf of Guinea regions. Climate change
and human presence may amplify the vulnerability in these vulnerable areas in the future. Hence,
future coastal economic development plans should be based on a deep understanding of local natural
conditions, resource status, and geophysical parameters to prevent negative coastal ecosystem
transformation. It is also essential to establish a coastal management plan that would facilitate the
development of desired actions and stimulate sustainable management of West African coastal areas.

Coasts are dynamic, complex systems responding to extreme weather events, influenced by the human pop-
ulation, settlements, and socioeconomic activities' growing more rapidly than the global average®. The flat
morphology of the coastal zone influences its colonization, making it conducive to community development
and agricultural expansion. The coast’s strategic location near water facilitates easier access to fisheries, raw
material transportation, and commerce. The promotion of industries, transportation, tourism, and fishing has
greatly improved the economics of coastal cities, resulting in greater population growth and infrastructure
development®*. The growing population and economic development on coasts are causing significant environ-
mental changes, resource demands, and exposure to coastal hazards like erosion, flooding as well and salinity
intrusion®~. Climate change is worsening these ongoing challenges and its potential implications are causing
much concern around the world’s coasts®.

Being transition areas between both constructive and destructive processes of land and oceans, coastal zones
hold significant complexity and high physical mobility”. Thus, they can be considered naturally unstable systems
whose dynamic balance status can be rapidly altered in the face of climate change. In addition, sea level rise
(slow-onset hazard) often leads to coastal disturbances due to catastrophic events, causing erosion and sediment
redistribution (rapid-onset hazard®). Sometimes, due to climatic and oceanic dynamics, low-lying coastal areas
can experience flooding due to an unusually high sea level setup. Higher concentrations of people living along the
coast lead to eventual increases in morphological instability in these places and a corresponding intensification
of natural processes”!?. Coastal populations are increasingly concerned about the impacts of climate change,
particularly due to the increasing frequency of extreme events and the Intergovernmental Panel on Climate
Change’s (IPCC) Sixth Assessment Report'!.

In West Africa, 31% of the population and the main infrastructures are concentrated in the coastal zone'2.
The West African coast faces increased vulnerability and risk due to natural events like sea-level rise and storm
intensities, exacerbated by the region’s low-lying status'®. Moreover, most WA coastal countries are undergoing
rapid population growth, urbanization, coastward migration, associated socio-economic growth, and dramatic
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coastal change'®. Converging crises: rising seas, fast-growing populations, land pressure, and a lack of low-cost
housing face most of WA's coastal cities. The increasing population of coastal communities is posing a threat to
natural barriers and ecosystems, exposing them to storm surges and flooding. Thus, to mitigate the effects of
rising seas, it will be necessary to simultaneously address multiple causes of coastal hazards. However, no multi-
hazard study has assessed the vulnerability index status of the entire WA coast, considering bio-geophysical
factors like natural geomorphology, historical shoreline change, coastal slope, wave, tidal range, and sea level
rise’>!%, Therefore, the present study aims to create a comprehensive coastal vulnerability index and identify the
population exposed on the WA coast. The results are expected to enhance understanding of WA’ coastal vulner-
ability, enabling stakeholders to anticipate potential impacts and prioritize management efforts to minimize risks.

The study area settings and present status

The study area, covering the mainland West African (WA) coastal countries from Mauritania to Nigeria, and
Cameroon (Fig. 1), presents a unique coastal geomorphic variability. The coast of West Africa is home to a diverse
range of ecosystems and habitats. The biodiversity in this area is influenced by the abundance of estuaries, deltas,
coastal lagoons, and nutrient-rich cold-water upwelling. These provide essential habitats for migratory birds,
sea turtles, and other ecosystems. Presently, socio-economic activities are increasingly affecting the coastal and
marine environment of WA=,

The long-term trend of people migrating to coastal areas, particularly coastal cities, poses a significant chal-
lenge to managing coastal resources. The region is experiencing a rising trend of overexploitation of coastal
resources and ecosystems. Due to growing population pressures and a lack of alternative resources to sup-
port populations, resource exploitation is becoming unsustainable. Critical coastal ecosystems are damaged or
destroyed along coastlines to make room for urban growth, agriculture, aquaculture, port and harbour develop-
ment, and hydropower dams®.

Rapid urbanization in West Africa is a significant concern due to its increasing pressure on the ecosystem
and its resources. For instance, the Gambia, Ghana, Mauritania, Liberia, Nigeria, and Cote d’Ivoire have urbani-
zation levels of 50-60%, with a potential global peak of 70% by 2050°>%. Besides, sea-level rise and changes in
the frequency and power of extreme meteorological events are increasing the impact on coastal flooding and
erosion by the acceleration of land loss**~*. Sea level rise and increasing extreme events will significantly impact
the development of WA coastal areas®.

Results and Discussion
Results
The vulnerability of the West African coast is assessed based on three components: PVI, SVI and CVI (Fig. 2).
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Figure 1. West African coastal elevation (m). Coastal elevation below 5 m is in red (Data source: MERIT
DEM). The map in Fig. 1 is generated using data acquired from MERIT DEM (http://hydro.iis.u-tokyo.ac.jp/
~yamadai/MERIT_DEM/) in QGIS v.3.24.0 environment (https://www.qgis.org/).
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Figure 2. West African coastal vulnerability assessment based on CVI, PVI, and SVL

Physical vulnerability index (PVI)

There are significant variations in PVIs along the WA coast. On average, the entire WA coast falls under the
moderate PVI category. About 31% of the study sites are associated with high to very high vulnerability related
to physical processes (PVI) while 27% and 42% of the sites reflected moderate and low to very low PVI (Fig. 2a).
As shown in Figs. 2b and 3, the high to very high PVI were mostly found along the coasts of northwestern Sen-
egal (50%), southeastern Nigeria (37%), northern Mauritania (65%), and southeastern Guinea Bissau (64%).
Moderate PVTs are found along the coasts of Togo (50%), southeastern Senegal (36%), southeastern Sierra Leone
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Figure 3. West African physical vulnerability index (PVI). (The map image used in producing the figure was
generated using the Google Satellite Hybrid plugin in QGIS v.3.24.0 environment, https://www.qgis.org/).

(33%), southwestern Nigeria (34%), northwestern Guinea (29%), Gambia (66%), western Cote d’Ivoire (42%),
and Benin (50%). While low to very PVIs are found along the coasts of Togo (50%), southeastern Sierra Leone
(67%), Liberia (93%), Guinea (50%), western Ghana (64%), southern Cameroon (58%), western Cote d’Ivoire
(50%) and Benin (50%). Geomorphology, coastal slope, and wave energy are all important variables that influ-
ence the PVIin the study area (Fig. 4).

Socioeconomic vulnerability (SVI)

About 21% of the study sites are located in areas with very low to low SVI (Fig. 2a). These sites (Figs. 2c, 5)
can be found in northern Mauritania (57%), southeastern Sierra Leone (26%), southeastern Liberia (44%),
and northwestern Guinea (38%). Moderately SVI locations account for 20% of the study sites (Fig. 2a). These
locations (Figs. 2¢, 5) can be found along the coasts of Togo (50%), southern Mauritania (26%), northwestern
Liberia (35%), northern and southern flanks of Guinea Bissau (47%), and southern Cameroon and western Cote
d'Ivoire (33%). Fifty-nine percent of the study sites have high to very high SVI (Fig. 2a) and are located along the
coasts of Togo (50%), central and southern Senegal (86%), northwestern Sierra Leone (54%), Nigeria (100%),
southeastern Guinea (56%), central and eastern Ghana (91%), Gambia (100%), central Guinea Bissau (36%),
northwestern Cameroon and western Cote d’Ivoire (50%), and Benin (100%) (Figs. 2c, 5).

Overall coastal vulnerability index (CVI)

The CVI was calculated by integrating the PVI and SVI using Eq. 3. About 21% of the study sites fall under
the very low to low CVI. As shown in Figs. 6 and 7, they are mainly located in the coastal areas of northern
and southern Mauritania (48%), southern Sierra Leone (36%), southeastern Liberia (50%), and Guinea (22%).
Moderately CVI occupy 33% of the study sites and they are mainly found along the coasts of northwestern Sierra
Leone (20%), northwestern Liberia (29%), Cameroon, Cote d’Ivoire and northern Guinea (33%). High to very
high CVI occupy 64% of the study sites and they are mainly situated along the coasts of Togo (100%), central
and southern Senegal (86%), northern Sierra Leone (47%), Nigeria (100%), southern Mauritania (39%), central
Liberia (21%), southern Guinea (45%), Ghana (100%), Gambia (100%), Guinea Bissau (65%), northwestern
Cameroon (59%), eastern Cote d’Ivoire (50%) and Benin (100%) (Figs. 6, 7).

West Africa vulnerable locations
A more detailed description of the locations that are vulnerable to coastal erosion and flooding hazards along
the WA coast is given.

Very vulnerable zones

Based on the CVI, some areas are very vulnerable, and most of these areas are located along the northern section
of the WA coast, from Mauritania to Senegal, in the western section of WA, from Guinea Bissau to Liberia and
in the Gulf of Guinea Coast, from Cote d’Ivoire to Cameroon. As shown in Fig. 7, the central part of Mauritania
and central and southern flanks of Senegal coast, the Gambia coast, the southern part of Guinea Bissau and
southern Guinea to the northern coast of Sierra Leone displayed a high to very high vulnerability. Other areas
along the WA coast with a similar attribute are a location in the eastern part of Cote d’Ivoire, from central Ghana
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Figure 4. Ranking (%) of various geophysical variables at (a) regional level; and (b) country level.

towards the northern Cameroonian coast. Most of these locations have long uninterrupted sand beaches and an
unfavourable combination of coastal geomorphology, slope, and erosion trend, mostly under the influence of
energetic wave actions and possibly relative sea level rise*” (Fig. 4; Supplementary Figs. 1-6).

High to very high SVI are found in the central and southern parts of Senegal, the central part of Guinea
Bissau, from the central Guinea coast to the northern part of the Sierra Leone coast. Also, at some locations in
central Liberia and the eastern coast of Cote d’Ivoire towards the boundary with Ghana. Then, it extends from
the central Ghana coast to the northern part of the Cameroon coast (Fig. 5).

Surprisingly, these high to very high CVI areas (Fig. 7) are equally areas of high to very SVI (Fig. 5). This
implies socioeconomic factors have a greater influence on the coastal vulnerability along the WA coast. In addi-
tion, these areas are known to be historically vulnerable to coastal flooding!*?*#1-%> and erosion**-2%46-%% thus
validating the credibility of this study.

Moderately vulnerable zones

Based on CVI, the coasts of northern Senegal, northern Guinea Bissau, Central Guinea, Central and southern
Sierra Leone, northern Liberia, western Cote d’Ivoire, and southern Cameroon are found to have a moderate
degree of vulnerability (Fig. 7) owing to physical factors such as coastal geomorphology, slope, wave energy,
and relative sea level rise (Fig. 4). Based on SVI, the Gambian coast, central Mauritania, northern and southern
sections of the Guinea Bissau coast, and the central part of the Guinea Sierra Leone and Cote d’Ivoire coasts,
northern Liberia, western Ghana and southern Cameroon fall under moderately vulnerable areas (Fig. 5).
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Figure 5. West African socioeconomic vulnerability index (SVI). (The map image used in producing the figure
was generated using the Google Satellite Hybrid plugin in QGIS v.3.24.0 environment, https://www.qgis.org/).
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Figure 6. West African coastal vulnerability index per country.

Less vulnerable zones

All parts of the WA coastline that have not been mentioned in the previous two categories can be considered
less vulnerable. Based on CVI, the northern Mauritania coast, the northern boundary of Senegal, in addition
the southern coasts of Sierra Leone and Liberia are the least vulnerable stretches of coastline in WA (Figs. 7).
The low vulnerability of these coasts could be because they are low-energy coasts with flat and wide beaches
backed by coastal lagoons®. Based on SVI, southern Liberia and northern Mauritania coasts have low to very
low socioeconomic-related vulnerability (Fig. 5).
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Figure 7. West African overall coastal vulnerability index (CVI). (The map image used in producing the figure
was generated using the Google Satellite Hybrid plugin in QGIS v.3.24.0 environment, https://www.qgis.org/).

The main vulnerability indicator

Comparison between the PVI and SVI allows for a better assessment of the overall levels of vulnerability of the
different sites. To assess potential links between the PVI and the SVI, and to obtain a better understanding of
both the magnitudes of change and the economic consequences, Table 1 shows the percentage of PVI and SVI
for every WA coastal country. Figure 8 represents the coastal countries using graphical quadrants according to
four categories: low PVI/low SVI, low PVI/high SVI, high PVI/low SVI and high PVI/high SVI categories. The
average PVI and SVI scores gave interesting results (Table 1; Fig. 8). While Mauritania and Guinea Bissau’s PVIs
are higher than their SVIs, the SVIs for other WA coastal countries are higher than their PVIs. The SVI is much
higher than the PVT at study sites in Benin, Ghana, Nigeria, Togo (100%), Gambia (83.3%) and Senegal (86.8%).
This can be explained in terms of high population density and human development in terms of population, built
environment and urbanization at these sites (Table 1; Fig. 8).

The identification of the main factor (physical or socio-economic) that governs the vulnerability of the WA
coast is important when adaptation measures are considered. As illustrated in Fig. 8, the vulnerability of the WA
coast is dominated by socio-economic factors which are greater than 1 (Fig. 8). Further analysis shows that it is
dominated by human development activity (Table 1). The degree of vulnerability associated with socioeconomic
variables, especially human development activity, compared with physical variables is high for most countries
(Table 1; Fig. 8). Hence adaptation solutions should focus more on socioeconomic factors. The graphic repre-
sentation can be used at different scales to compare coastal areas, which could help decision-makers prioritize
limited resources to protect the most vulnerable areas.

Discussion

Impacts of physical processes on WA coastal vulnerability

The variability in the CVI to erosion and flooding along the WA coast is influenced by different (geo)physical
variables (Fig. 7). Based on our categorization, the physical variables with the highest dominant impacts on the
vulnerabilities of the WA coastline are geomorphology, shoreline change rate, coastal slope, wave climate and
sea level rise (Fig. 7; Supplementary Figs. 1-6). The high to very-high vulnerability areas are typically areas of a
low coastal slope, vulnerable landform types (deltas, sandy, and muddy beaches), high wave energy coastlines,
and a high relative sea-level rise (Supplementary Figs. 1-3). While wave energy is the main physical variable
controlling the coastal processes along the WA coastline, the influence of tides is more prominent along the
Sierra Leone, Guinea, Guinea Bissau, and Cameroon coasts (Fig. 7; Supplementary Figs. 5-6), possibly due to
attenuation of waves (wave sheltering) by offshore islands®>*'.

The coastal processes along the WA coast between southern Guinea and northern Sierra Leone are influenced
by wave energy and tidal currents and are exposed to low to moderate energy, long-period swells (Supplemen-
tary Figs. 5-6). A previous study revealed that the highest tidal amplitudes (typically 2.8-4.7 m) are recorded
in Guinea, Guinea-Bissau, and Sierra Leone”. According to previous studies, relative sea level change is also
evident at all locations'* (Supplementary Fig. 3).
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100

Benin - -
- ‘ - ‘ 100
75

Cote d’Ivoire 25 -
25 ‘ 50 ‘ 25
58.3

Cameroon 25 16.7
- ‘ 545 ‘ 455
47.1

Guinea Bissau 52.9 -
11.8 ‘ 82.4 ‘ 5.8
83.3

Gambia - 16.7
- ‘ 66.7 ‘ 333
100

Ghana - -
273 ‘ 182 ‘ 545
55.6

Guinea 44.4 -
438 ‘ 33.3 ‘ 27.7
57.1

Liberia 429 -
56.9 ‘ 429 ‘ 7.2
30.4

Mauritania 69.6 -
105 ‘ 89.5 ‘
100

Nigeria - -
438 ‘ 12.4 ‘ 438
66.7

Sierra Leone 26.7 6.7
46.7 ‘ 46.7 ‘ 6.6
86.8

Senegal 7.1 7.1
7.1 ‘ 57.1 ‘ 35.8

T 100

0go - -

& - ‘ - ‘ 100

Table 1. Average physical vulnerability index (PVI) and socioeconomic vulnerability index (SVI) in %
Significant values are in bold.

Our current finding is consistent with the previous studies. For instance, Lopes et al.'® developed a coastal
vulnerability index for the Guinea-Bissau coast, revealing that 52% of the 87 km coastline has high to very
high vulnerability, 20% is moderately vulnerable, and 28% is low to very low. Further, Lopes et al.' observed a
rate of 8.79 mm/yr sea level rise in Guinea Bissau. This value, however, may be too high because it was derived
using a linear regression fit of 12 data points (one every year) at a single tide gauge, with an R? value of 0.023.
The muddy Guinea-Guinea Bissau-northern Sierra Leone sector also experiences significant wave dampening
and tidal range amplification due to increased continental shelf width caused by geological offsetting from the
Guinea and Sierra Leone fracture zones**>%, This is consistent with the current study, which found that in
addition to geomorphology, coastal slope, tidal range, and sea level all have a significant impact on defining
coastal vulnerabilities (Supplementary Figs. 1-6).

In Mauritania, geomorphology is generally low in several places below sea level, and it is protected by a thin
and fragile dune ridge which can be crossed in some places during strong storms. Aside, port facilities and other
human activities at the coastline are exacerbating the vulnerability of the Mauritania coastal area® (Supplemen-
tary Figs. 7-8). Based on previous studies*', the Mauritanian coast is made up of both a mangrove habitat at the
mouth of the Senegal River and energetic beaches in the north. Due to port development, Nouakchott is the area
most vulnerable to coastal erosion.

Senegal and Gambia’s coasts feature diverse ecosystems, including sandy beaches, volcanic rocky outcrops,
and large estuary expanses near the mouths of Senegal, Saloum, Gambia, and Casamance Rivers. The low coasts
of Senegal and Gambia are particularly affected by the widespread phenomena of coastal erosion®. Retrogression
of the coastline has long been a problem for this region of the WA coast in the northwest*'. In consonance with
the present study, a recent study on Senegal’s coastal vulnerability index reveals that 70% of the coast has high
and very high coastal vulnerability values, primarily in densely populated areas®. The study found that 29% of
Senegal’s coastline is at a high flooding vulnerability index, primarily in the central sector of the most populated
districts®®. Human occupation of coastal zones is a weakness for the coastal areas® because human presence
constitutes a factor of exposure to socioeconomic activities®. According to Oloyede et al.*, 59-65% of Nigeria’s
coastline is at moderate to high risk of sea-level rise, while coastal populations are highly vulnerable to physical,
geomorphological, and socioeconomic stressors.

In Cote d’Ivoire, the entire Ivorian coastal zone is classified as having a moderate vulnerability level by Tano
et al.’®, and the vulnerability grows as one moves eastward. The relative vulnerability of the various sections of the
Ivorian coast is significantly influenced by wave energy and geomorphology'>. While Appeaning Addo** classified
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Socioeconomic Vul. Index (SVI) vs. Physical Vul. Index (PVI)
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Figure 8. Graphical illustration of PVI and SVI. It shows that the increasing socioeconomic development along
the West African coast is a major factor in the WA coastal vulnerability.

the Accra sector of Ghana’s coast as moderate risk, Boateng et al.®’ indicated that Ghana’s central and eastern
coasts are the most vulnerable, with around 50% of Ghana’s 540 km the coastline vulnerable. The approaches and
the regions covered may have resulted in these two disparate conclusions on the Ghana coast. While Boateng
et al.** examined the whole Ghana coast, Appeaning Addo'® exclusively examined the Accra section. The assertion
by Boateng et al.?° is further corroborated by Charuka et al.*! and is consistent with the present study.

The coastal strip between the Volta River delta and the far westernmost part of Benin is densely inhabited
(e.g., Lomé, Cotonou) and extremely vulnerable due to migration from inland areas and ongoing development
could have a severe impact on the region’s socioeconomic conditions and natural ecosystems®?. The Lomé port’s
presence as well as other human activities on the coastal plain, such as groundwater extraction that causes
subsidence that may result in relative sea level rise, are the main causes of the noticeable erosion of huge coastal
sectors with maximum retreat rates of the order of 5 m/yr®. The decrease in the Volta River’s sediment supply
caused by the completion of the Akosombo project is one of the key factors impacting the medium- and long-
term evolution of the Volta-Togo-Benin coastal corridor of the WA coast. Also, relative sea level fluctuations

that consider tectonic and/or isostatic factors may play a role in the process®.

Implications of increasing socioeconomic development on coastal erosion, subsidence and
relative sea level rise

The WA coast is experiencing a fast-growing population and its attendant development (Fig. 9; Supplementary
Figs. 7-8). The average GDP per capita of the Economic Community of West African States (ECOWAS) went
from US$2824 in 1990 to US$4373 in 2019, showing a 54.9% growth over this period. The region’s GDP per
capita in 2019 was 82.6% of Africa’s average of $5289%. The WA coastal areas house about a third of the region’s
population and create 56% of its GDP*,

With this increased economic growth and accelerated urbanization, the WA coast has seen high-intensity
land development and large-scale reclamation in recent decades. This urbanization has had an impact on both
the region’s coastal towns and cities. It has raised the demand for land, water, and other natural resources; man-
made infrastructure and sand mining have contributed to major coastal erosion®’. The average distance between
agglomerations has decreased from 111 to 33 kilometres®.

As shown in Fig. 9, WA urban population trends increased from 125 urban agglomerations and 4 million
urban inhabitants in 1950-992 urban agglomerations (about 694% increase) and 78 million urban dwellers (over
1000% increase) in 2000, and the trend continues to grow. Seven WA countries, all of which are coastal, have
urbanization rates near to or over 40%°*. Such unsustainable growth is causing the overexploitation of ground-
water resources, as well as the reclamation of wetlands or lagoons.
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Figure 9. West African urban population trends from 1950 to 20007 (Source: Sahel and West Africa Club
Secretariat (SWAC/OECD)). West African urban population trends rose from 125 urban agglomerations and 4
million urban inhabitants in 1950 to 992 urban agglomerations (about a 694% increase) and 78 million urban
dwellers (over 1000% increase) in 2000 (31%). The trend continues to grow and is concentrated around coastal
towns and cities, especially in the Gulf of Guinea coast.

Most crucially, unplanned built-up areas, particularly near coastal cities and towns, pose a threat to the
region’s socio-ecosystems??#%5%, Rising urbanization and increasing groundwater overexploitation due to the
growing population, particularly in coastal cities, are causing subsiding land, building collapse, and increasing
flood risk®-%".

The recent co-incidence of subsidence and sea-level rise in coastal cities has garnered greater attention due
to the potential for increased future inundation hazards resulting from relative sea level rise®"!. The risk of
coastal flooding along the WA coast may increase significantly when considering the contribution of sea level
rise driven by climate change®. Subsidence rates of between — 2 and — 87 mm/yr have been observed in Lagos,
Nigeria with the highest rate observed around the coastal zones and areas where heavy structures are built on
landfills®’”. With the continued indiscriminate groundwater exploitation, increasing urbanization, and rapid
population growth, the subsidence may increase significantly in the future, and this may further escalate the
flood rate and other related coastal geohazards®”. The ongoing discussion is consistent with the findings of the
present study. This further lends credence to the fact that socioeconomic development and growth are critical
drivers of coastal development and a major contributor to coastal vulnerability along the WA coast (Figs. 2, 8).

Limitations of the study

Although the approach used in this study offers a helpful assessment of coastal vulnerability at the regional-
national scale, the results do contain a significant amount of uncertainty because coarse-resolution data were
used. It would therefore be wise to do more thorough, local-scale studies for the places that the present study
indicated as being extremely vulnerable, especially if the potential risk to communities or developments is
likewise significant in such areas. Apart from population density, the study database is deficient in information
on other socioeconomic indicators such as land use. The addition of these extra risk factors may improve the
vulnerability rating over the current set of criteria.

Conclusions and recommendations

This study adopts analysis of remote-sensing data to quantitatively characterize the WA coast’s vulnerability
to (geo)physical forcing and socioeconomic factors. The study uses six geophysical variables to assess coastal
inundation or erosion hazards combined with two key socioeconomic variables to understand the vulnerability
of the WA coast, by assigning them a rank ranging from 1 to 5, based on their relative vulnerability factor. Results
indicate shows moderate vulnerability on the entire WA coast, with high vulnerability in the northwestern sector
(between Mauritania and Guinea Bissau) and the Gulf of Guinea coast (between Cote d’Ivoire and Cameroon).
These highly vulnerable areas are linked to the nature of geomorphological landforms, and coastal slopes which
resulted in erosion and inundation due to wave heights and sea level rise. This is further complicated by high
to very high SVI (population density and human development activities) in the coastal zones of the region. The
study illustrates the degree of vulnerable areas which could increase owing to climate change and the impact of
increasing human presence.

It is therefore necessary for coastal managers and policymakers in the region to devise the best adapta-
tion strategies using different methods. The development strategy of “coastal sustainability first” should replace
“economic development first”. Based on national and regional vulnerabilities, decision-makers, researchers,
and coastal stakeholders in the region should consider appropriate adaptation options. Engineering solutions
can be incorporated into a portfolio of coastal adaptation strategies. These actions include safeguarding coastal
wetlands, stabilizing dunes, replenishing beaches regularly, strengthening and expanding dike systems in specific
locations such as harbours and densely urbanized seafronts, enhancing forecasting, warning, and information-
dissemination systems, building refugee shelters, and more.
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Methods
This Section presents the procedure used to evaluate the vulnerability due to coastal erosion and flooding along
the West African coastal areas.

The CVI and its components

The overall coastal vulnerability index (CVI) is defined as the combination of the (geo)physical vulnerability
index (PVI) and socioeconomic vulnerability index (SVI), using Eq. 2. The PVI and SVI, respectively, examine
the physical variables and socioeconomic factors that are responsible for the vulnerability of the WA coast!>”
(Supplementary Table 1).

A database comprising physical variables and socioeconomic parameters that strongly represent significant
driving processes of coastal erosion and flooding in West Africa was created. The six physical variables are geo-
morphology (GEO), historical shoreline change rates (SCR), regional coastal slope (CS), relative sea-level change
(RSLC), mean wave energy flux (WE) and mean astronomical tidal range (TR). GEO, SCR, and CS are geologic
variables that explain shoreline resistance to erosion, long-term erosion/accretion tendency, and susceptibility
to flooding. WE, TR, and RSLC are physical process variables that can cause eroded and flooded areas over
timescales’*”. CS is considered a better parameter than elevation. The present study used population density
(POP) and human settlement (SETT, which also represents human developmental activities) data to represent
the socioeconomic variables. This is because urbanization of any area is a product of its economic development
and population growth which are key drivers for socioeconomic development. SETT data provides combined
gridded information on population growth, built-up environments, and urbanization degree’®””.

Data acquisition, ranking and normalization

Physical variables

Data on these variables are derived from previous studies, which are based on an analysis of satellite observation
and model reanalysis over 23 years between 1993 and 2015, extracted at 204 coastal sites situated along the open
coasts of West Africa. The relatively coarse resolution of our dataset is 0.5° (~ 50 km) along the coastline, aiming
to capture regional patterns rather than local features that are out of reach and scope here. SCR is extracted from
Almar et al."? at the selected study sites for the 1993-2019 period. While CS, RSLC, WE, and TR are derived
from Almar et al.”%. See Almar et al.”® for detailed information about these data and how they were acquired.
Here, we used the 95-percentile wave local value at each study site. The GEO data is compiled from a collation
of previous studies'®2-*4527980 and these geomorphological characteristics are further observed visually from
satellite images and Google Earth.

Socioeconomic variables

The socioeconomic datasets, comprising population density (POP) and human settlement (SETT) were obtained
from the Center for International Earth Science Information Network (CIESIN), Columbia University at (https://
sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-rev11) and (https://sedac.ciesin.columbia.edu/
data/set/ghsl-population-built-up-estimates-degree-urban-smod/data-download). These data are in Geo TIFF
format at a spatial resolution of ~ 1 km (30 arc-seconds). The socioeconomic (population density and human
development) variables are employed here to determine their contribution to the coastal vulnerability of the
WA coast in terms of erosion and floods. Variables indicating housing and infrastructure stability, as well as the
existence (or lack thereof) of an emergency plan in the event of flooding, should have been analyzed. However,
such data is not available for the entire West African coastline. Although all estimations are simply quantitative
approaches that cannot directly reflect physical processes and socioeconomic pressures and their consequences,
they can be used to identify vulnerable or risk areas.

Ranking and weighting

Depending on the measured values, different systems have different rankings and ranges of variables®'. Previ-
ous studies’>*-% have employed three to five classes of ranking. Following Mendoza et al.*®, a scale of 1-5 was
assigned to each variable (Supplementary Table 1). This was previously used by Koroglu et al.®, Thieler and
Hammar-Klose®® and Gornitz et al.*.

This ranking indicates the degree of vulnerability, with 5 contributing the most strongly (very high—VH)
vulnerability and 1 contributing the least (very low—VL) vulnerability. The 1-5 scale standardizes the scoring
system for each variable as a new no-dimensional variable, allowing for a mathematical combination of measured
units (Supplementary Table 1). The classification method based on Natural Breaks is used to identify breakpoints
by looking at groups and patterns inherent in the data. This method uses a rather complex statistical formula
(Jenks optimization) that minimizes the sum of the variance within each of the classes®.

According to Denner et al.”’, depending on the impact’s significance, socioeconomic and physical variables
respond in different ways or exert varying degrees of influence. As a result, each variable was given a weight
based on its value and the associated perceived risk level. Once each variable has been assigned a five-level value
and weighted, the numerical values are summed within the geographic information system (GIS), and the PVI
and SVI are computed for each site using Egs. (1 and 2).

Coastal Vulnerability Index (CVI) calculations
The CVIs to erosion and flooding were evaluated for 204 sites based on the PVI and SVI (Supplementary Table 1).
The PVI was determined by integrating the normalized values of the physical variables using Eq. (1).
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CVI = Sqrt{((a} + a3 + a3 +a] + a3 +ag) ) /6} (1)

where a, =geomorphology (GEO), a,=shoreline change rate (SCR), a; = coastal slope (CS), a, =relative sea level
change (RSLC), a;=wave energy flux (WE), and a, = astronomical tide range (TR). The SVI was determined by
integrating the normalized values of the socioeconomic variables using Eq. (2).

SVI = Sqrt{ ((b} +1b3)/2)} )

where b, =population density (POP), b,=human settlement (SETT; comprising population growth, built-up
environments, and urbanization degree).

To identify the primary component (physical or socioeconomic) that has a substantial impact on the vulner-
ability of the corresponding area, the ratio of the normalized SVI to the corresponding normalized CVI was
calculated. When the ratio is less than 1, the vulnerability of the corresponding portion is heavily dependent
on physical variables. When it equals 1, the coastal section is influenced equally by physical and socioeconomic
forces. When the ratio is greater than 1, the socioeconomic variables are the dominant vulnerability factors.

The overall coastal vulnerability index (CVI) is estimated by combining both the PVI and SVI, using Eq. (3):

CVI = (PVI + SVI)/2 3)

Subsequently, the estimated CVI was classified into five vulnerability classes (very low, low, moderate, high,
and very high) based on the Jenks natural classification method® within the GIS. Finally, the results of the
analyses are presented as tables and figures.

Data availability

The raw data that support the findings of this study are already available online, freely. We used sea level observa-
tion from AVISO (https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/dynamic-atmospheric-
correction/description-atmospheric-corrections.html), tide from FES2014 tide global atlas®’, waves from ERA5
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels). Topography is computed by
Almar et al.¥ from the AW3D30 digital elevation model from JAXA****. Shoreline mobility (computed in Almar
etal.’) is derived from 1993 to 2019 using multiple satellite acquisitions provided by Landsat (NASA) missions
5,7, and 8. The socioeconomic datasets, comprising population density (POP) and human settlement (SETT) are
from the Center for International Earth Science Information Network (CIESIN), Columbia University (https://
sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-rev11) and (https://sedac.ciesin.columbia.edu/
data/set/ghsl-population-built-up-estimates-degree-urban-smod/data-download).
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