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Abstract
Coastalflooding is a growing concern formany communities worldwide due to climate change. This
study focuses on the Port-Bouët Bay, located inAbidjan, Côte d’Ivoire. A coastal floodmodel based on
the enhanced bathtubmodel was used tomap the present and futureflood extent and assess exposure
to quantify the likely affected populations, buildings, and land uses for different scenarios. Themodel
incorporated a digital elevationmodel, surface roughness,floodwater source, and the once a century
extreme sea-level scenarios. Validationwas conducted against GPS coordinates of recently flooded
zones. The analysis revealed that, under current conditions, around 21.58 hectares are vulnerable to
flooding, and approximately 2465 people and 544 buildings are exposed toflooding today. Based on
future projections, the extent offlooding is anticipated to increase by different ranges depending on
the time period and the climate change conditions. By the end of the century, the increase inflooding
extent could reach a percentage of 27%, 37%, and 90%under SSP1-2.6, SSP2-4.5, and SSP5-8.5,
respectively. The impacts would consequently beworsenedwith greater number of people and assets
exposed to future coastalflood hazard. The land use analysis showed that informal settlements are the
occupationmost exposed, followed by residential settlements, commercial and industrial land, in that
order. The spatial disaggregation of this exposure across neighborhoods indicates that Sogefiha is the
most exposed, followed by Petit-Bassam andVridi. However, a substantial increase in coastalflooding
inVridi by 2100 under the SSP5-8.5 scenario could lead to significant exposure level change for this
scenario. This information is critical for evaluating andmanaging present and future coastal flood
risks in the Port-Bouët Bay area and for informing decision-making processes.

1. Introduction

Coastal zones are dynamic and valuable ecosystems that provide numerous opportunities for human
development (Castillo et al 2012, Lakshmi, 2012) . They offer important economic benefits such asfisheries,
shipping, tourism, and have significant cultural and recreational values. These are the reasonswhy
approximately 40%of the global population residewithin these areas (UnitedNations 2017). However, coastal
zones are vulnerable to a range of natural hazards (Al Ruheili andBoluwade 2023) amongwhich coastalflood
have historically been one of the deadliest andmost damagingworldwide (Idier et al 2020). In a broader sense,
coastalfloods refer to theflooding that occurs in coastal zones (Fang and Shi 2021). But, for the purpose of this
study, it is defined as natural phenomenonwhere coastal areas become permanently or temporarly submerged
by the nearby sea (D’Arcy et al 2022). It suddenly occurswhen themeteorological conditions are sufficiently
severe and the sea levels extremely high to overtop or breach coastal defences (dunes, dikes) and cause
inundation of low-lying areas. This type offlooding leaves little time forwarning and preventative evacuation,
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and often results in significant impacts, including damage to coastal infrastructure and ecosystems, harm to
humanhealth, and disruption of people’s lives (WorldMeteorological Organization, 2013, Steffen et al 2014).

Over the past few decades, coastalflood events have become increasingly frequent and intense inmany parts
of theworld (e.g., Dube et al 2022,Hague et al 2022). The scientific community widely agrees that these trends
are primarily due to human activity, both direct impacts such as urbanization and navigational development,
and indirect impacts such as rising sea levels and hydroclimate extremes resulting from climate change (Kirwan
andMegonigal, 2013Vitousek et al 2017,Wahl et al 2017,Wu et al 2017, Alizad et al 2018, Vousdoukas et al
2018). As climate and anthropogenic changes are projected to increase the vulnerability of coastal areas
(Neumann et al 2015, IPCC, 2021), the impacts of coastalflood hazard could become increasingly worse in the
future (Hallegatte et al 2013, Vitousek et al 2017), withmore places, people and assets threatened by the
phenomenon.Without strategic adaptationmeasures, an estimated 0.2% to 4.6%of the global populationmay
be exposed to coastalflooding (Kulp and Strauss 2019). These predictions underscore the urgency of addressing
coastalflood risks and supporting stakeholders in implementing effective risk reduction strategies.

As a key component of coastal flood risk, exposure assessments help by providing vital information about
populations and assets locatedwithinflood-prone areas. This information is essential for coastal communities
and decision-makers as it forms the basis for developing plans and interventions related to preparedness, early
warning, response, recovery, andmitigation (HARPIS-SL 2022). Analyzing exposure enables us to generate
insights into the potential impacts of coastal flooding. Floodmapping is typically used in conjunctionwith
exposure analysis to detect areas likely to beflooded and categorize them formore effective analysis.While
generating floodmaps of past events is relatively straightforward, creating present and futuremaps requires
prediction based onmodels which, provide a comprehensive view offlooding characteristics at different spatial
and temporal scales. Overall, exposure assessment and floodmapping are critical tools for understanding and
managing coastal flood risk.

Manymodels have been developed and applied for coastal flood simulations in recent decades. Two
common approaches in the approaches in the literature are the bathtubmodel (BTM) and the hydrodynamic
model (HDM) (Neumann andAhrendt 2013). Each of thesemodels has its own strengths and limitations, and
the choice of which approach to use largely depends on the intended purpose and data availability. HDMs
simulate coastal flooding by solvingmathematical equations such as the 2D/3D shallowwater equations. This
approach accounts for the dynamic aspect of physical processes leading to flooding, and therefore requires
detailed input conditions, specialized software (e.g., DELFT-3D,MIKE-3D) and skills. HDMs can be complex
and result in longer computational times (Amante 2018). They are commonly used for flood forecasting
(Gallien et al 2014) and the planning and implementation of flood protectionmeasures (Ward et al 2011). On
the other hand, BTMs adopt a hydrostatic approach. They offer computational efficiency and are valuable for
quickly identifying flood-prone regions based on specific floodwater levels. BTMs are frequently employed in
conjunctionwith geographic information systems (GIS) and can be executed using raster calculations
(Seenath et al 2016). There are twomain types of BTMs: the standard BTM (sBTM) and the enhanced BTM
(eBTM). sBTM assumes that flood occurs in all areas with land surface elevation below the floodwater level,
regardless of hydrological connectivity to the coast (Poulter andHalpin 2008, Fereshtehpour &
Karamouz 2018). In contrast, the eBTMaccounts for hydrological connectivity with the flooding source and
integrates terrain aspects and slopes (Williams and Lück-Vogel 2020). As an improved version of the sBTM,
the eBTMnot only offers a simplified approach but also provides amore precise representation of flooding
scenarios.The Port-Bouët Bay in Côte d’Ivoire is among the areas increasingly threatened by coastal flood
impacts. It faces particularly high exposure due to a combination of factors, including coastal population
growth, expanding economic activities, limited and inadequate coastal protection infrastructure, and the
intensifying frequency and severity of extreme sea level events driven by climate change (IMDC2017, Nicholls
et al 2007,World Bank 2020). The area has experiencedmultiple coastal flood events, including the
documented 2011 flood that destroyed hundreds of homes and leftmore than a thousand families without
shelter (Sadia 2014). However, limited information on current and future coastal flood exposure hinders the
development and planning of effective strategies for local risk reduction and adaptation. This study thus
intends to contribute to improving the understanding of the changing risk trend of this hazard within the
Port-Bouët Bay and support decision-making. The objective is twofold. Firstly, we seek to identify present and
future flood-prone areas using the eBTM as simulation toolmodel and secondly, we aim to comprehensively
assess the populations, buildings and land-uses covered by the flood.Whilemaking distinction between
population and assets (buildings and occupations) in the context of this study, it is crucial to recognise their
inherent connectionwithin the context of exposure assessment.
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2. Study area

The Port-Bouët Bay area, situated in the Southeast of Côte d’Ivoire, is a peninsula that forms the central section
of Port-Bouët, one of the ten towns comprising the Ivorian capital Abidjan. The bay is bounded by the lagoon
Ebrié to the north and theAtlantic Ocean to the south, and spans 5.5 km from theVridi canal to the city’s
lighthouse, as shown infigure 1. Its geographical coordinates lie between latitudes 5.248 ˚N–5.280 ˚Nand
longitudes 4.022 ˚W–4.952 ˚W.The Port-Bouët Bay, which covers an area of 11.5 km2, is home to around
97,000 people, accounting for approximately 16%of Port-Bouët’s population. The population of this area,
much like that of the entire city, is increasing rapidly at a rate of 5.7%per year (INS, 2014; 2021). The terrain is
relatively flat, with almost all of the bay being below 8 m in elevation (JICA, 2015), making it a LowCoastal Zone
(LCZ) that is susceptible to frequent and severe coastalflooding. Over the past few decades, the area has
undergone significant socioeconomic changes, with the development of various industries and homes leading to
the hyper-urbanization of the coast. Port-Bouët Bay’s urban landscape is characterized by amix of essential
infrastructure such as port facilities and industries, as well as pockets of informal settlements. Based on the
bordering neighborhoods, the coastline can be divided into three: Vridi, Petit-Bassam, and Sogefiha, fromwest
to east as shown infigure 1.Note that these neighborhoods will serve as the local units for our assessment.

3.Data andmethods

This study follows a two-stepmethodology that encompasses coastal floodmodeling and exposure analysis. The
first step involves generating floodmaps using the enhanced BathtubModel (eBTM), which integrates extreme
sea level (ESL) conditionswith the localmorphological features. The second step involves overlaying the flood
maps generated in the first stepwith the land use and populationmaps of the study site. This enables the
estimation of coastalflood exposure, which is the number of people and assets at risk due toflooding. Figure 2
provides a schematic representation of themethodology shortly described above. In the following paragraphs, a
more detailed description of each of the two steps is provided.

Figure 1.Map of the StudyArea: A- the country context; B- the city context; C- the sector of Port-Bouët Baywith its coastline
subdivided according to the three bordering neighborhoods. Note that this coastline subdivision is only for study purpose and does
not follow sub-administrative limits.
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3.1. Coastalfloodmodeling
3.1.1.Modelling approach
In this work, the eBTM serves as the framework for conducting various coastalflood simulations. Themodel,
conceptualized byWilliams (2019) and developed in ESRIArcGIS software, aims to address temporary coastal
inundation and the lack of easily accessible, user-friendly tools (Williams and Lück-Vogel, 2020). It is important
to note that the eBTM, being aGIS-basedmodel, focuses on capturing the dynamics within its scope, andwhile it
may not encompass all aspects of physics likemore advanced hydrodynamicmodels, it offers a valuable
approach for understanding and assessing coastalflood scenarios. Themodel as tested and validated in Strand, a
municipality inCape Town, SouthAfrica, is the eBTMmodule with homogeneous roughness (Williams and
Lück-Vogel 2020). However, amodule with roughness raster (non-homogeneous) is also provided in the
toolbox. This lattermodule, which reflects a growing body ofGIS tools applicable to the coast, will be used in the
context of this study. To conductflooding simulations using the eBTM, four input datasets are essential: the
digital elevationmodel (DEM), water source, surface roughness, and floodwater level. The next section provides
a detailed description of each of these crucial datasets.

3.1.2.Model inputs data

3.1.2.1. Digital elevationmodel (DEM)
For reliable coastal floodmodeling, a high-resolutionDEM is crucial (Gesch 2018). In our analysis, theDigital
ElevationModel (DEM), specifically the digital terrainmodel (DTM), was obtained from topographic survey
data collected in 2013 as part of the ‘Digital TopographicMapping Project for Urban Infrastructure
Development’ (JICA, 2015). TheDTMrepresents the bare earth elevation, excluding any above-ground features
(buildings and vegetations). The data was initially collected in point file format and covered 931measurement
points over the study site, with one point for every 11–12m2. To obtain a continuous regular terrain elevation,
this relatively coarse dataset was later interpolated tofill certain gaps. The resultingDEMhas a resolution of
10× 10 m and uses as vertical datum, theAbidjanmean sea level, which serves as the reference point for the port
of Abidjan.While the resolutionmight seem coarse for coastal inundationmodeling, it is important to recognize
the data scarcity in the study area, compelling us to optimize the available DEMresources. Figure 3 provides a
visual representation of the obtainedDigital TerrainModel (DTM).

3.1.2.2. Surface roughness
As eBTM is aGIS-basedmodel, it should be noted that it does not directly address the detailed physics as a
hydrodynamic or numericalmodel would. Thismeans that certain factors, like wind-push effects, remain
unaccounted for in this approach, unlikemore sophisticatedmodels. However, themodel incorporates the
roughness parameter of the terrain to address terrain slope’s influence onwatermovement across the landscape.
The eBTMoffers two options for roughness input: a single-value roughness for the entire study site, used in the
homogeneous roughnessmodule, and space-varying values, used in the roughnessmodule. However, in both
cases, roughness values fluctuate between aminimumof 0 for smooth surfaces and amaximumof 1 for rough
surfaces (Williams 2020). For this analysis, the roughness raster was used. The roughness raster file of the study
area (see figure 4)was generatedwith the same resolution as the inputDTM.As illustrated infigure 4, rough
areas are prominently located along the coastline.

Figure 2. Flow chart showing the general researchmethodology.
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Figure 3.Digital TerrainModel (DTM) of the study area: (a)provides an overview of theDTM for Port-Bouët Bay. (b), (c), and (d)
offer detailed views of theDTMaround the coastlines inVridi, Petit-Bassam, and Sogefiha respectively. Elevations in the study area
range from0 to 8 m,with themajority of high-elevated locations located along the coastline. The vertical datum is theAbidjanMean
Sea Level.

Figure 4. Surface RoughnessDistribution across the StudyArea: (a) presents an overview of surface roughness across the entire Port-
Bouët Bay region. (b), (c), and (d) offer focused perspectives on roughness variations along the coastlines of Vridi, Petit-Bassam, and
Sogefiha respectively. A roughness value of 0 represents a smooth,flat terrainwithminimal elevation changes, while a value of 1
indicates a rough, steep terrainwith significant elevation variations. A roughness value of 0.5 can be considered ‘moderate’ or
‘intermediate,’ implying a surface roughness level between complete smoothness and high roughness.
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3.1.2.3.Water source
In eBTMmodeling, thewater source represents the initial position of the floodwater, establishing hydrological
connectivity to the coast and providing a starting point for thewater’s inward propagation (Williams and
Lück-Vogel 2020). To obtain thewater source for this analysis, the zero-altitude shoreline along the coast was
digitized from the inputDEM (saved as a shapefile), ensuring that thewater source intercepts theDEM to
maintain hydrological connectivity to the coast (Williams 2020).

3.1.2.4. Floodwater level scenarios
Todetermine the extent of land inundation during a coastal flood, it is necessary to input thefloodwater level
into themodel. This study considered several scenarios, whichwere estimated from extreme sea level (ESL)
conditions resulting from a combination of factors, including tide, storm surge, wave runup, and projected
relative sea level rise (SLR). ESL values for three climate change scenarios, based on Shared Socioeconomic
Pathways (see table 1) at the neighborhood scale, were obtained fromKouakou et al (2023). The present-day
ESLswere determined by computing the statistical 100-year joint return values of storm tide (tide+ storm
surge) andwave runup. Future ESLswere predicted by integrating present-day ESLswith recent SLR projections
based on SSPs, as detailed in Fox-Kemper et al (2021), Garner et al (2021a), andGarner et al(2021b) .

3.1.3.Model setup and validation
Themodel was configuredwith the assumption that input datasets such as topography, surface roughness, and
water sourcewill remain constant in the future, with only the floodwater level changing over time. Since the
input datasets are available for each coastline segment of the Port-Bouët Bay, themodel simulationswere
executed individually for each neighborhood to produce the outputs for the corresponding periods. This
approach of running separatemodels for each neighborhood helps ensure accurate representation and
assessment offlood impacts for each distinct location The output from each simulationwas provided as a flood
raster layer that is connected to the coast, indicating thewater depths relative to the inputDTM for each pixel.
Theflood layers were carefully reviewed to ensure that theworking resolution is capable of producing results
that alignwith the localflood patterns.

After themodel was set up and the initial check, the next stepwas to evaluate the accuracy of the results. To
achieve this, themodel results were comparedwithGPS coordinates of areas that were recently flooded. During
a ground survey, local residents were asked to indicate coastal flood limits for recent years or show the locations
where they had personally experienced flooding. TheGPS coordinates of these locationswere collected and
comparedwith the present-daymodeled flood layer to determine any overlap. A total of twentyGPS points was
collected for events that occurred between 2014 and 2020.

3.2. Exposure estimation
To assess the potential impact offloods on the urbanized area of the Port-Bouët Bay, it is necessary to determine
the exposed elements (assets, populations and land-uses). This requires detailed data on these elements in a
Geoinformatics format, alongwith coastal flood layers (Percival andTeeuw 2019). In this study, the used
datasets were partially completed andneeded some additional arrangements. The population datawas
downloaded from the ‘Data for Good’ platform (FCL andCIESIN 2022). This database provides global raster
files of population estimates within 30-meter grid cells for the year 2020 using AI, satellite imagery, and census
data. The development of these high-resolutionmaps relies on high-resolution identification of populated areas
and a thorough understanding of the underlying population distribution patterns. To streamline the analysis,

Table 1.Present and future 100-year return period of extreme sea level (ESL) at the
scenarios used to run the eBTMmodel.

Location Scenarios
Years

2020 2030 2050 2100

Vridi SSP1-2.6 4.37 m 4.481 m 4.590 m 4.858 m

SSP2-4.5 4.480 m 4.606 m 4.988 m

SSP5-8.5 4.485 m 4.634 m 5.210 m

Petit-Bassam SSP1-2.6 4.97 m 5.081 m 5.190 m 5.458 m

SSP2-4.5 5.080 m 5.206 m 5.588 m

SSP5-8.5 5.085 m 5.588 m 5.810 m

Sogefiha SSP1-2.6 4.48 m 4.591 m 4.700 m 4.968 m

SSP2-4.5 4.590 m 4.716 m 5.098 m

SSP5-8.5 4.595 m 4.744 m 5.320 m
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the initially collected population raster file for the entire country was clipped tomatch the study area’s extent and
subsequently disaggregated to alignwith the resolution of the flood raster files (10× 10 m). For simplicity
purposes, the disaggregation process used the uniformdisaggregationmethod, equally distributing population
counts from the coarse grid to thefiner grid cells. Since the acquired data represents the 2020 population count,
which pertains to the present-day, future population datawas derived through projections using equation (1).

P P R1 1f p m
t= ´ +( ) ( )

Where Pf is the future population; Pp is the present population; Rm is the average annual growth rate, and t is the
projected number of years. The value of Rm was calculated using historical population data fromCIESIN (2018),
which provides past population estimates everyfive years from2000 to 2020, alongwith equation (2)where Pi

and Pi 1- are respectively the ending and starting population count over the five-year period.
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In order to evaluate the potential number of buildings at risk of flooding, building footprints were incorporated
into the exposure analysis using the ‘open building’ database (Sirko et al 2021). This database offers one of the
most extensive buildingmaps for the region. Additionally, each footprint in this database is assigned a
confidence level, enablingmanual adjustments for low-confidence footprints to achieve themost accurate real-
world representation. In evaluating potential flood impacts on various occupations within the area, the land-use
mapwas created by digitizing the different occupationswithin the study site. This process involved satellite
imagery fromOpenStreetMap and conducting guided field surveys to validate the accuracy of the data. The
resulting occupations were then categorized into seven specific land use classes (refer tofigure 5), including open
area class that corresponds to unoccupied spaces. Notably, infigure 5, land-use types are assigned based on
predominant occupations, and the color coding of themap adheres to the recommendations of Jeer and
Bain (1997).

The exposure analysis for each scenario involved overlaying the respective flood layer with the population,
building, and land use distributionmaps of the study area. This allowed us to determine the number of people
and buildings at risk, identify the likely affected land-use categories and estimate the flooded surface per land
use. To conduct this analysis, we employed the zonal statistics approach, which involves aggregating data within
flooded zones to gain insights into various attributes or characteristics. This technique provides a deeper
understanding of howdata is distributed and interacts within theflooded areas, contributing to a comprehensive
evaluation offlood impacts for each neighborhoodwithin our study area.

Figure 5. Land usemap of the study area based on satellite imagery and ground-truthing. It comprises sevenmajor classes that
summarize all the occupations that are located in the area.
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4. Results

4.1. Coastalfloodmapping
Before presenting and commenting on the findings, the eBTMoutput for the present daywas compared to the
GPS coordinates of recently flooded areas, as described in themodel validation section. The twenty collected
observation points are plotted against themodel output infigure 6. It emerged from this comparison that the
model resultsmatchwith about two-thirds of the observations. In the remaining one-third, themodeled coastal
flood is underestimated.However, the spatial differences between themodel and observations outside of the
modeled flood extent weremostly less than 10meters, i.e., an underestimation of just one pixel. Only two
observations (point number 8 and 20)were found to be distant from themodeledflood limit bymore than 10
meters (14 and 16meters, respectively). After analyzing the simulation’s resolution, it can be inferred that the
observed distribution of coastalfloods and themodel results for the present day exhibit a general consistency.
Consequently, the validity of the input datasets and the eBTMsimulation in the Port-Bouët Bay can then be
established.

Figure 7 and table 2 present a comprehensive overview of the simulation results across different climate
change scenarios and years, illustrating the extent of the flooded areas within the Port-Bouët Bay. The
visualizations infigure 7 offer clear evidence of the bay’s vulnerability toflooding, primarily concentrated in
areas adjacent to the shoreline. Currently, as of 2020, the simulations under the 100-year ESL return level reveal
that the estimated flooded area is approximately 21.58 hectares (see table 2). The simulations project varying
degrees of increased flooding in the coming decades. Over the next 10 years, a projected 5%–8%of additional

Figure 6. Shows the locations of recent observed coastalflooding (orange dots) overlaidwithmodeled current flood extent (blue band)
to ensure the validity of the eBTM simulations. These observations correspond to the period between 2014 and 2020. Pictures of some
area are provided.

Figure 7.Maps showing totalflood extent for present and future situations under different climate change conditions along the Port-
Bouët Bay. (a)—the SSP1-2.6 (low scenario); (b)—the SSP2-4.5 (intermediate scenario); (c)—the SSP5-8.5 (high scenario).
Background outlines are fromOpenStreetMap standard. The area for each scenario is 5.5 kmx 0.45 km.
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landwould periodically beflooded during extreme sea level events. Looking ahead to 2050, the coastalflood
extent is anticipated to rise by 14%–18% compared to the present state. Towards the end of the century, two
specific scenarios, SSP1-2.6 and SSP2-4.5,may lead toflood increases of up to 27%and 37%, respectively.
Particularly under SSP5-8.5, by the year 2100,figure 6(c) of thefloodmap strikingly displays a significant surge
in coastalflooding, distinctly surpassing current conditions. The analysis underscores the potential doubling of
the currentflood extent by 2100 under SSP5-8.5. The detailed values for the different neighborhoods, scenarios,
and years are exhaustively presented in table 2.

The information provided in table 2 provides evidence that the neighborhoods of Vridi, Petit-Bassam, and
Sogefiha experience varying degrees of exposure to coastal flooding under different climate change scenarios and
years. Among these neighborhoods, Vridi consistently exhibits the least exposure to coastalflooding across the
scenarios and years. Notably, the SSP5-8.5 scenario for the year 2100 shows a significant increase in theflooded
area, indicating the highest level of exposure under this particular climate change trajectory and year. In the case
of Petit-Bassam, there is amoderate level of exposure to coastalflooding.While the projections forflooded areas
increase across scenarios and years, the growth appears gradual, suggesting a steadier rise in flooding over time.
Conversely, Sogefiha is consistently projected to experience the highest degree of exposure to coastal flooding
among the three neighborhoods. The neighborhood’s initial largerflooded area and its consistent expansion
across all scenarios and years point to a heightened susceptibility to rising sea levels. Overall, this analysis
suggests that Sogefiha is themost exposed neighborhood, followed by Petit-Bassam, and thenVridi.

4.2. Coastalflood exposure
4.2.1. Exposed population and buildings
Based on the coastal flood extent discussed earlier, we have identified the population and buildings exposed to
floodwaters. Figures 8(a) and (b) show the results for various climate change scenarios. Fromfigure 8(a), around
2465 people are currently exposed to the once-a-century floodwater level, with this number expected to increase
due to demographic growth. By 2030, the increase will be between 42%and 45%,while bymid-century, it could
reach 82% to 85%.Assuming that population growth remains the same, by 2100, the number of exposed
individualsmay be 24.93, 27.03, and 40.78 thousand under SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively.

Figure 8(b) indicates that roughly 544 buildings in the study area are exposed to coastal floods, with the
majority being fully within the inundated zones. However, a subset of these buildings, situated at the outskirts of
flood zones, would only experience partial exposure. Regardless of the scenario, the number of exposed
buildings is expected to slightly increase from2020 to 2050 under future climate change conditions. By end-
century, under SSP1-2.6 and SSP2-4.5, the percentage of increase inflood-affected buildings would be 43%and
62%higher than the current scenario, respectively. However, under SSP5-8.5, the number of affected buildings
could be almost three timesmore than the current scenario.

The analysis of exposed elements in each neighborhood, shown infigure 9, reveals distinct spatial patterns
across scenarios. InVridi, the current count of exposed population of 285 people gives way to divergent
trajectories over time. By 2030, exposure increases by around 44%-51%compared to the baseline, with further
escalation by 2050 (145%–163%). By the century’s end, the exposed population reaches a significantmagnitude,
becoming nearly 46 times greater than the count in 2020 under scenario SSP5-8.5. In Petit-Bassam, the 817
people currently exposed rises by approximately 50%–53%by 2030, and projections for 2100 reaching 10 to 13
times higher. A parallel trend emerges in Sogefiha, where exposure climbs by about 36%–39%by 2030, rising to
around 140%–146%by 2050 andmay reach 8 to 11 times higher by the end of the century. Shifting focus to
exposed buildings, noteworthy trends emerge. InVridi, the initial building exposure count of 33 in 2020
experiences slight upticks by 2030 and 2050, followed by a significant surge by 2100. It is worth noting that the

Table 2.Estimates of totalflooded area (in hectares)per neighborhood and per scenario.

Location Scenarios
Years

2020 2030 2050 2100

Vridi SSP1-2.6 4.47 ha 4.63 ha 4.93 ha 5.64 ha

SSP2-4.5 4.57 ha 5.03 ha 6.58 ha

SSP5-8.5 4.84 ha 5.07 ha 18.62 ha

Petit-Bassam SSP1-2.6 6.11 ha 6.82 ha 8.00 ha 8,84 ha

SSP2-4.5 6.77 ha 8.00 ha 9.19 ha

SSP5-8.5 7.14 ha 8.23 ha 10.76 ha

Sogefiha SSP1-2.6 11.00 ha 11.43 ha 11.83 ha 13.06 ha

SSP2-4.5 11.41 ha 11.89 ha 13.87 ha

SSP5-8.5 11.47 ha 12.12 ha 15.24 ha
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number of buildings exposed toflooding could reach a staggering 670 by 2100 under the SSP5-8.5 scenario.
Similarly, in Petit-Bassam, where exposure begins at 141 buildings, reaching 158 to 185 by 2030 and ascending to
221–278 by 2100. Likewise, in Sogefiha, building exposure starts at 370, remains steady at 392 by 2030, and
increases to 43–426 by 2050, culminating at 498–637 by the close of the century.

4.2.2. Exposed land-uses
In this subsection, we evaluated the distribution of land use in theflooded zones for each of the scenarios. Our
findings reveal that, for the present-day 100-year return period of extreme sea level, themost exposed land use
class is the open area (11.98 ha), followed by informal settlement (5.44 ha), residential settlement (1.82 ha),
commercial (1.36 ha), industrial (0.74 ha), critical infrastructure (0.2 ha) and transport (0.02 ha), in that order.
These distributions are primarily based on the dominant occupationswithin the flooded zones. Noteworthy, the
significant proportion of exposed ‘open areas’helps tomitigate the potential impacts of today’s coastalflood, as
there are no significant assets in this land use class.

Under future climate change scenarios, as the flooded surface per land use increases, the ranking of
occupationsmost or least exposedwould remain similar to the current situation (see figure 10). This indicates
that the exposure of all land use typewould increase proportionally to the flooded surface. However, we note a
negative trend (decrease) of the future flooded surface of ‘open areas’ over time, while the other land uses have a
positive trend offlooded surface (increase). For instance, under SSP5-8.5 (refer tofigure 10(f)), the relative share
of ‘open areas’ decreases from55.5% in 2020 to 35.2% in 2100, a decrease of about 20.3%,while there is an
increase of 4.6% for ‘Industrial’ (from3.5% to 8.1%), 4.5% for informal settlements (from25.2% to 29.7%),
3.7% for ‘critical infrastructures’ (from0.9% to 4.6%), 3% for ‘Commercial’ (from6.3% to 9.3%), 2.7% for
‘Residential settlement’ (from8.5% to 11.2%), and 1.8% for ‘Transport’ (from0.1% to 1.9%).

The changes in exposed land-uses suggest that coastalflood impacts could be increasingly severe in the
coming decades. Furthermore, it is crucial to underscore that the affected housing areas, encompassing both
informal settlements and residential settlements—the two predominant categories following ‘open areas’, are
likely to suffermost from flood damage as they are located inmost cases in the first line along this coastline. A
closer look at the distribution of affected housing areas across coastal neighborhoods of the Port-Bouët Bay is
shown infigure 11. As it can be observed, Sogefiha currently stands out as themost exposed neighborhood
accounting for 86%of the housing surface exposure, trailed by Petit-Bassam (11%) andVridi (3%). This pattern
is anticipated to persist both over time and across various climate change scenarios, barring one notable
exception in the year 2100 under the SSP5-8.5 scenario, where projectedflooding inVridi would lead to the
inundation of subtantial housing surfaces. Consequently, this would elevate Vridi to the position of the second-
most exposed neighborhood, closely trailing Sogefiha in terms of housing exposure for this particular scenario.

5.Discussion

5.1. Insights
Using aGIS-based approach, the present study evaluates the current and future exposure to coastal flood hazard
in the Port-Bouët Bay. This kind of assessment is critical inmanaging andmitigating the risks associatedwith
coastalflooding (Sarica et al 2021). The study used the enhanced bathtubmodel (eBTM), which is a simple yet

Figure 8.Number of population (a) and buildings (b) exposed to coastalflood events along the Port-Bouët Bay under different climate
change scenarios for present and future time period.
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effectivemappingmethod that yielded significant outcomes. To achieve this, we incorporated into the eBTM, a
10-meter resolutionDTMand robust time-dependent extreme sea level (ESL) scenarios. This DEM, generated
from the topographical data of JICA (2015), is one of themost accurate available for the area.Noteworthy that
open-sourceDEMswith resolutions of 30–90meters can impedemapping the extent of coastalflooding due to
various errors (Wechsler 2007). As for the time-dependent ESL scenarios, they help demonstrate the significance
of climate change effects on coastal flooding and their potential impacts at the different time scales considered in
this study. The simulations not only provide insights on the area likely to beflooded in different climate change
scenarios but also to facilitate the estimations of the number of people, buildings and surface of land-uses that
could be affected in each of these scenarios

The study’s results showed that the Port-Bouët Bay is currently exposed to coastal flood phenomenonwith
projections showing increasing inundation surfaces and potential doubling offlood extent by 2100 under

Figure 9.Population and building exposure in port-bouët’s neighborhoods under various climate change scenarios for the present
and future time periods. Exposed population in vridi (A), Petit-bassam (B), and sogefiha (C). Exposed buildings in vridi (D), Petit-
bassam (E), and sogefiha (F).
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climate change scenario SSP5-8.5. This is particularly due to topographical characteristics of the area and the
unprotected coastline. Noteworthy that the floodmaps obtained under current and future sea-level conditions
reveal a relatively constrained flooding extent, primarily within the first 200meters from the coastline. This
flooded area, which represents only 2%–4%of the entire study area, holds particular importance due to the
potential implications for coastal communities and land use. By intersecting the flood extent with population,
building, and land-use data, the study provides a better understanding of the potential exposure to coastal flood
hazards in Port-Bouët Bay. The examination of population and building exposure to coastalfloods revealed that
Port-Bouët Bay is currently exposed to a relatively significant number of people and buildings, with potential

Figure 10. Land use exposure to coastalflooding in the Port-Bouët Bay for different climate change scenarios SSP1-2.6, SSP2-4.5 and
SSP5-8.5. (a), (b) and (c) show theflooded area per land use (in ha). (d), (e) and (f) display the distribution of affected land use as
percentage (%) of the totalflooded area.
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increases projected by 2030 andmid-century, and substantial rises by 2100. This increasing flood exposure can
be attributed to the dense population and building concentration along the coastline,making the area
particularly susceptible to such hazards and their potential consequences. The land-use exposure analysis
indicates the predominance of exposed housing areas (both informal and residential land-use), representing
76%of the exposed land-use excluding open spaces. Thesefindings corroborate the outcomes of larger-scale
studies conducted by IMDC (2017),Muis et al (2017), Nicholls et al (2007), and theWorld Bank (2022). The
spatial distribution of this coastal flood exposure across neighborhood indicated that the Sogefiha is themost
exposed neighborhoods followed by petit-bassam andVridi. However, a significant surge in coastal flooding in
Vridi by 2100 under the SSP5-8.5 scenario could result in substantial exposure, potentially changing this above
order.

5.2. Limitations
Given the potential for uncertainty in the study’s estimations, it is vital to discuss them to acknowledge
limitations and pinpoint areas for future research and improvements. In this work, uncertaintiesmay rise from
various sources: One such source is the non-variation over time in certain input datasets, such as topography,
roughness, water source, and land use distribution. Though these assumptionsmay be valid in the short-term
basis, there can introduce some uncertainties in the long-term estimations coastalflood exposure. Nevertheless,
these assumptions helped to simplify the understanding of the coastal environment of Port-Bouët Bay as these
types of data were not accurately available for the area.

Another source of uncertaintymay arise from themodel validation process. The validation of coastalflood
simulations requires data onflooding characteristics collected in a safe and effective way, very shortly after flood
occurrence (Molinari et al 2018,OPW, 2019). Unfortunately, inmany coastal regions, such data is rarely
available since occurrences of coastalflooding are infrequent and related information is often not documented
followingflood incidents, as stated by Bates (2004). In this study,model outputs were validated against observed
data on coastalflood extent that were collected through surveys. However, the reliability of such validation data
remains low due to the time lag between the flood occurrence and the survey. Therefore, to complement existing
validationmethods, it is advisable for competent authorities to explore newer data capturemethods, such as
citizen science (public participation in scientific research), especially during extreme events. Additionally, it is
recommended to conduct regular post-coastal flood data collection and create a database to gather temporal and
spatial information about historical events. Implementing these approaches can enhancemodel validation and
minimize uncertainties in coastalflood studies along the Ivorian coasts (Bates 2004,Molinari et al 2018,
OPW2019, Tavares et al 2021).

In the course of our study, we employed the uniformdisaggregationmethod for population distribution,
evenly allocating population counts from a coarse grid tofiner grid cells.Worth noting is that the obtained
30x30m resolution populationmaps from the ‘data for goods database’ already relied on high-resolution
identification of inhabited areas and a comprehensive understanding of underlying population distribution

Figure 11.Contribution ofHousing Exposure byNeighborhood in Port-Bouët Bay. The calculation considers the combined surfaces
of informal settlements and residential areas. The x-axis depicts a range of climate change scenarios, spanning different timeframes
and representative concentration pathways: Scenario 1 (2020), Scenario 2 (2030; SSP1-2.6), Scenario 3 (2030, SSP2-4.5), Scenario 4
(2030, SSP5-8.5), Scenario 5 (2050; SSP1-2.6), Scenario 6 (2050, SSP2-4.5), Scenario 7 (2050, SSP5-8.5), Scenario 8 (2100, SSP1-2.6),
Scenario 9 (2100, SSP2-4.5), and Scenario 10 (2100, SSP5-8.5).
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patterns. This uniformdesaggregationmethod ibution, serving as a simplification approach to transition from
30x30m to 10x10m resolution, effectively fulfilled the purpose of this study. However, we strongly recommend
exploring alternativemethods includingmachine learning techniques for enhancing the accuracy and
granularity of population disaggregation in future coastal flood exposure assessments.Generally, flood exposure
in urban areas can be associatedwithflood characteristics such as flood frequency, duration, depth, extent and
velocity (DeMoel et al 2009). But, the specificflood characteristics to be taken into account in exposure
assessmentsmay vary according to research objectives,methodological approach, and data quality. ForMerz
et al (2007) andZhu et al (2019),flood depth is themain driver of urbanflood exposure. On the other hand,
DCLG (2009) suggested that flood extent alone could be adequate to identify the exposed elements tofloods for
spatial planning purposes. In the case of the current research, onlyflood extent was considered in the exposure
analysis though bothflood depth and extent were provided as outputs from the eBTM. This consideration is
consistent with several studies recently carried out in the field offloodmanagement (Dandapat &Panda 2018,
Hadipour et al 2020, Jafarzadegan et al 2022, Stephens et al 2017). In this study, the omission of flood depthwas
based on twomain factors: the unreliability of theflood depth outputs, whichwere not validated, and the
resolution of theDEMused in the analysis, potentially affecting flood depth accuracy. Due to these limitations,
we focused on otherflood-related parameters confidently derived from available data. Including flood depths
may require precise and current coastal land elevation data (Ward et al 2011), whichwas unavailable as theDEM
used dates back to 2013. This outdated data could introduce uncertainty in the analysis. However, it is essential
to recognize that incorporatingwater depths could have assisted in determining exposure severity. It is
important to acknowledge that the present work represents an initial attempt to approximate the issue of coastal
flood exposure along the Ivorian coastline. Thus, asmore and accurate data becomes available, there is the
potential for further improvements and considerations in this issue. To further achieve this,Ward et al (2011)
suggests that the acquisition of LiDARdata, alongwith regular field campaigns, would be necessary to enhance
mapping outcomes and explore other aspects of coastalflood exposure in Port-Bouët Bay. LiDAR-based high-
resolutionDEMshave demonstrated superiormapping capabilities for coastalflood-prone areas in comparison
to other types ofDEMs (Poulter andHalpin 2008, Gesch, 2009). DEMs can be divided into digital terrainmodels
(DTMs), also known as ‘bare-earth’DEMs, and digital surfacemodels (DSMs), which capture the heights of
objects on the Earth’s surface such as buildings, walls and vegetation (Rogers et al 2020, Guth et al 2021). This
studymakes use ofDTMdata.However,Williams and Lück-Vogel (2020) recommendDSMs as they are based
on the principle that solid structures such as buildings andwallsmay influencewater flowpatterns in urban
landscapes, thereby offering protection to other structures. DSMs assist in identifyingwater pathways during
flood events. In this context, eBTMperforms better withDSMs thanwithDTM, as aDTMrepresents an
unobstructed environment forwatermovement. Therefore, it clearly appears that LiDAR-derived high-
resolutionDSMs, when available and accessible for our location, could significantly enhance the present study’s
results. Such data could also assist in predicting future topographical changes (Zhang et al 2005), which are
crucial for better estimating future coastal flood exposure.

6. Conclusions

This paper has presented an assessment of the potential trend of exposure to coastal flooding in Port-Bouët Bay
under three climate change scenarios. Despite the simplicity of themethodology employed, it has provided a
preliminary yet informative overview offlood-prone areas, the populations, buildings, and land use categories
exposed to extreme sea level conditions, alongwith their distribution across the coastal neighborhoods.

In the face of some data constraints, particularly in terms of future scenarios, specific assumptionswere
leveraged to address these challenges while highlighting opportunities for improving data quality andmodel
validation. Our study’s results reveal a gradual increase inflood extent and exposed elements (populations,
buildings and land-uses) from the present day to the close of the century. This suggests the likelihood of
heightened damages and losses resulting from coastalflood hazards, particularly within informal settlements
and residential areas, identified as themost exposed land use categories. Consequently, coastalflood hazards
would emerge as themost substantial climate change impact in the study area in the forthcoming decades.

Thefindings of this study are very useful to be applied in adaptation strategies. They can provide researchers
and decision-makers with insights into the potential impacts of coastal flooding both in the present and in the
future conditions. This information not only holds potential for revising and planning future adaptation
programs but also serves as a foundational baseline for upcoming studies, potentially inspiring the pursuit of
enhanced data collection and analysis. By identifying exposed areas and assets exposed to coastalflooding, we
can raise awareness and readiness levels across various decision-making tiers, including residents, emergency
responders, and stakeholders. This proactive approachmight involve promoting the implementation offlood
protectionmeasures and the development of comprehensive emergency response plans for flood-related

14

Environ. Res. Commun. 5 (2023) 105001 MKouakou et al



disasters. Furthermore, the spatial disaggregation of findings down to the neighborhood scale offers the
advantage of tailored riskmanagement and targeted interventions, thus enhancing local resilience.
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