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ZL‘IQZ?ESE othe Coastal flooding is a growing concern for many communities worldwide due to climate change. This

thework, journal citation  Study focuses on the Port-Bouét Bay, located in Abidjan, Cote d’Ivoire. A coastal flood model based on

and DOL the enhanced bathtub model was used to map the present and future flood extent and assess exposure

to quantify the likely affected populations, buildings, and land uses for different scenarios. The model
incorporated a digital elevation model, surface roughness, flood water source, and the once a century
extreme sea-level scenarios. Validation was 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 to flooding today. Based on
future projections, the extent of flooding 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 in flooding
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 be worsened with greater number of people and assets
exposed to future coastal flood hazard. The land use analysis showed that informal settlements are the
occupation most 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 and Vridi. However, a substantial increase in coastal flooding
in Vridi by 2100 under the SSP5-8.5 scenario could lead to significant exposure level change for this
scenario. This information is critical for evaluating and managing present and future coastal flood
risks in the Port-Bouét 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 as fisheries,
shipping, tourism, and have significant cultural and recreational values. These are the reasons why
approximately 40% of the global population reside within these areas (United Nations 2017). However, coastal
zones are vulnerable to a range of natural hazards (Al Ruheili and Boluwade 2023) among which coastal flood
have historically been one of the deadliest and most damaging worldwide (Idier et al 2020). In abroader sense,
coastal floods refer to the flooding that occurs in coastal zones (Fang and Shi 2021). But, for the purpose of this
study, itis defined as natural phenomenon where coastal areas become permanently or temporarly submerged
by the nearby sea (D’Arcy et al 2022). It suddenly occurs when the meteorological 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 of flooding leaves little time for warning and preventative evacuation,
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and often results in significant impacts, including damage to coastal infrastructure and ecosystems, harm to
human health, and disruption of people’s lives (World Meteorological Organization, 2013, Steffen et al 2014).

Over the past few decades, coastal flood events have become increasingly frequent and intense in many parts
of the world (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
and Megonigal, 2013 Vitousek 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 etal 2015, IPCC, 2021), the impacts of coastal flood hazard could become increasingly worse in the
future (Hallegatte et al 2013, Vitousek et al 2017), with more places, people and assets threatened by the
phenomenon. Without strategic adaptation measures, an estimated 0.2% to 4.6% of the global population may
be exposed to coastal flooding (Kulp and Strauss 2019). These predictions underscore the urgency of addressing
coastal flood risks and supporting stakeholders in implementing effective risk reduction strategies.

As akey component of coastal flood risk, exposure assessments help by providing vital information about
populations and assets located within flood-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, and mitigation (HARPIS-SL 2022). Analyzing exposure enables us to generate
insights into the potential impacts of coastal flooding. Flood mapping is typically used in conjunction with
exposure analysis to detect areas likely to be flooded and categorize them for more effective analysis. While
generating flood maps of past events is relatively straightforward, creating present and future maps requires
prediction based on models which, provide a comprehensive view of flooding characteristics at different spatial
and temporal scales. Overall, exposure assessment and flood mapping are critical tools for understanding and
managing coastal flood risk.

Many models have been developed and applied for coastal flood simulations in recent decades. Two
common approaches in the approaches in the literature are the bathtub model (BTM) and the hydrodynamic
model (HDM) (Neumann and Ahrendt 2013). Each of these models 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 solving mathematical equations such as the 2D /3D shallow water 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 protection measures (Ward ezal2011). 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 flood water levels. BTMs are frequently employed in
conjunction with geographic information systems (GIS) and can be executed using raster calculations
(Seenath et al 2016). There are two main 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 flood water level,
regardless of hydrological connectivity to the coast (Poulter and Halpin 2008, Fereshtehpour &

Karamouz 2018). In contrast, the eBTM accounts for hydrological connectivity with the flooding source and
integrates terrain aspects and slopes (Williams and Liick-Vogel 2020). As an improved version of the sBTM,
the eBTM not only offers a simplified approach but also provides a more precise representation of flooding
scenarios.The Port-Bouét Bay in Cote 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 (IMDC 2017, Nicholls
etal 2007, World Bank 2020). The area has experienced multiple coastal flood events, including the
documented 2011 flood that destroyed hundreds of homes and left more 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-Bouét 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 tool model and secondly, we aim to comprehensively
assess the populations, buildings and land-uses covered by the flood. While making distinction between
population and assets (buildings and occupations) in the context of this study, it is crucial to recognise their
inherent connection within the context of exposure assessment.
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Figure 1. Map of the Study Area: A- the country context; B- the city context; C- the sector of Port-Bouét Bay with 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.

2. Study area

The Port-Bouét Bay area, situated in the Southeast of Cote d’Ivoire, is a peninsula that forms the central section
of Port-Bouét, one of the ten towns comprising the Ivorian capital Abidjan. The bay is bounded by the lagoon
Ebrié to the north and the Atlantic Ocean to the south, and spans 5.5 km from the Vridi canal to the city’s
lighthouse, as shown in figure 1. Its geographical coordinates lie between latitudes 5.248 °N-5.280 "N and
longitudes 4.022 "W-4.952 "W. The Port-Bouét Bay, which covers an area of 11.5 km?2, is home to around
97,000 people, accounting for approximately 16% of Port-Bouét’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 Low Coastal Zone
(LCZ) that is susceptible to frequent and severe coastal flooding. 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-Bouét Bay’s urban landscape is characterized by a mix 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, from west
to eastas shown in figure 1. Note that these neighborhoods will serve as the local units for our assessment.

3. Data and methods

This study follows a two-step methodology that encompasses coastal flood modeling and exposure analysis. The
first step involves generating flood maps using the enhanced Bathtub Model (eBTM), which integrates extreme
sea level (ESL) conditions with the local morphological features. The second step involves overlaying the flood
maps generated in the first step with the land use and population maps of the study site. This enables the
estimation of coastal flood exposure, which is the number of people and assets at risk due to flooding. Figure 2
provides a schematic representation of the methodology shortly described above. In the following paragraphs, a
more detailed description of each of the two steps is provided.
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Figure 2. Flow chart showing the general research methodology.

3.1. Coastal flood modeling

3.1.1. Modelling approach

In this work, the eBTM serves as the framework for conducting various coastal flood simulations. The model,
conceptualized by Williams (2019) and developed in ESRI ArcGIS software, aims to address temporary coastal
inundation and the lack of easily accessible, user-friendly tools (Williams and Liick-Vogel, 2020). It is important
to note that the eBTM, being a GIS-based model, focuses on capturing the dynamics within its scope, and while it
may not encompass all aspects of physics like more advanced hydrodynamic models, it offers a valuable
approach for understanding and assessing coastal flood scenarios. The model as tested and validated in Strand, a
municipality in Cape Town, South Africa, is the eBTM module with homogeneous roughness (Williams and
Liick-Vogel 2020). However, a module with roughness raster (non-homogeneous) is also provided in the
toolbox. This latter module, which reflects a growing body of GIS tools applicable to the coast, will be used in the
context of this study. To conduct flooding simulations using the eBTM, four input datasets are essential: the
digital elevation model (DEM), water source, surface roughness, and flood water level. The next section provides
adetailed description of each of these crucial datasets.

3.1.2. Model inputs data

3.1.2.1. Digital elevation model (DEM)

For reliable coastal flood modeling, a high-resolution DEM is crucial (Gesch 2018). In our analysis, the Digital
Elevation Model (DEM), specifically the digital terrain model (DTM), was obtained from topographic survey
data collected in 2013 as part of the ‘Digital Topographic Mapping Project for Urban Infrastructure
Development’ (JICA, 2015). The DTM represents the bare earth elevation, excluding any above-ground features
(buildings and vegetations). The data was initially collected in point file format and covered 931 measurement
points over the study site, with one point for every 11-12 m2. To obtain a continuous regular terrain elevation,
this relatively coarse dataset was later interpolated to fill certain gaps. The resulting DEM has a resolution of

10 x 10 m and uses as vertical datum, the Abidjan mean sea level, which serves as the reference point for the port
of Abidjan. While the resolution might seem coarse for coastal inundation modeling, it is important to recognize
the data scarcity in the study area, compelling us to optimize the available DEM resources. Figure 3 provides a
visual representation of the obtained Digital Terrain Model (DTM).

3.1.2.2. Surface roughness

As eBTM is a GIS-based model, it should be noted that it does not directly address the detailed physics as a
hydrodynamic or numerical model would. This means that certain factors, like wind-push effects, remain
unaccounted for in this approach, unlike more sophisticated models. However, the model incorporates the
roughness parameter of the terrain to address terrain slope’s influence on water movement across the landscape.
The eBTM offers two options for roughness input: a single-value roughness for the entire study site, used in the
homogeneous roughness module, and space-varying values, used in the roughness module. However, in both
cases, roughness values fluctuate between a minimum of 0 for smooth surfaces and a maximum of 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 generated with the same resolution as the input DTM. As illustrated in figure 4, rough
areas are prominently located along the coastline.

4
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Figure 3. Digital Terrain Model (DTM) of the study area: (a) provides an overview of the DTM for Port-Bouét Bay. (b), (c), and (d)
offer detailed views of the DTM around the coastlines in Vridi, Petit-Bassam, and Sogefiha respectively. Elevations in the study area
range from 0 to 8 m, with the majority of high-elevated locations located along the coastline. The vertical datum is the Abidjan Mean
Sea Level.
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Figure 4. Surface Roughness Distribution across the Study Area: (a) presents an overview of surface roughness across the entire Port-
Bouét 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 terrain with minimal elevation changes, while a value of 1
indicates a rough, steep terrain with 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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Table 1. Present and future 100-year return period of extreme sea level (ESL) at the
scenarios used to run the eBTM model.

Years
Location Scenarios
2020 2030 2050 2100
Vridi SSP1-2.6 437 m 4481 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 SSP1-2.6 497 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 SSP1-2.6 448 m 4.591 m 4.700 m 4968 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

3.1.2.3. Water source

In eBTM modeling, the water source represents the initial position of the floodwater, establishing hydrological
connectivity to the coast and providing a starting point for the water’s inward propagation (Williams and
Liick-Vogel 2020). To obtain the water source for this analysis, the zero-altitude shoreline along the coast was
digitized from the input DEM (saved as a shapefile), ensuring that the water source intercepts the DEM to
maintain hydrological connectivity to the coast (Williams 2020).

3.1.2.4. Flood water level scenarios

To determine the extent of land inundation during a coastal flood, it is necessary to input the floodwater level
into the model. This study considered several scenarios, which were 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 from Kouakou et al (2023). The present-day
ESLs were determined by computing the statistical 100-year joint return values of storm tide (tide 4 storm
surge) and wave runup. Future ESLs were predicted by integrating present-day ESLs with recent SLR projections
based on SSPs, as detailed in Fox-Kemper et al (2021), Garner et al (2021a), and Garner etal (2021b).

3.1.3. Model setup and validation

The model was configured with the assumption that input datasets such as topography, surface roughness, and
water source will remain constant in the future, with only the flood water level changing over time. Since the
input datasets are available for each coastline segment of the Port-Bouét Bay, the model simulations were
executed individually for each neighborhood to produce the outputs for the corresponding periods. This
approach of running separate models for each neighborhood helps ensure accurate representation and
assessment of flood impacts for each distinct location The output from each simulation was provided as a flood
raster layer that is connected to the coast, indicating the water depths relative to the input DTM for each pixel.
The flood layers were carefully reviewed to ensure that the working resolution is capable of producing results
that align with the local flood patterns.

After the model was set up and the initial check, the next step was to evaluate the accuracy of the results. To
achieve this, the model results were compared with GPS coordinates of areas that were recently flooded. During
aground survey, local residents were asked to indicate coastal flood limits for recent years or show the locations
where they had personally experienced flooding. The GPS coordinates of these locations were collected and
compared with the present-day modeled flood layer to determine any overlap. A total of twenty GPS points was
collected for events that occurred between 2014 and 2020.

3.2. Exposure estimation

To assess the potential impact of floods on the urbanized area of the Port-Bouét 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, along with coastal flood layers (Percival and Teeuw 2019). In this study, the used
datasets were partially completed and needed some additional arrangements. The population data was
downloaded from the ‘Data for Good’ platform (FCL and CIESIN 2022). This database provides global raster
files of population estimates within 30-meter grid cells for the year 2020 using Al, satellite imagery, and census
data. The development of these high-resolution maps relies on high-resolution identification of populated areas
and a thorough understanding of the underlying population distribution patterns. To streamline the analysis,

6
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Figure 5. Land use map of the study area based on satellite imagery and ground-truthing. It comprises seven major classes that
summarize all the occupations that are located in the area.

the initially collected population raster file for the entire country was clipped to match the study area’s extent and
subsequently disaggregated to align with the resolution of the flood raster files (10 x 10 m). For simplicity
purposes, the disaggregation process used the uniform disaggregation method, equally distributing population
counts from the coarse grid to the finer grid cells. Since the acquired data represents the 2020 population count,
which pertains to the present-day, future population data was derived through projections using equation (1).

Pr="PF, x (1 4+ Ry M

Where Py is the future population; P, is the present population; R,, is the average annual growth rate, and ¢ is the
projected number of years. The value of R, was calculated using historical population data from CIESIN (2018),
which provides past population estimates every five years from 2000 to 2020, along with equation (2) where P,
and P,_ arerespectively the ending and starting population count over the five-year period.

Pi—Pi,

Rm _ Z 5% P (2)

n

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 building maps for the region. Additionally, each footprint in this database is assigned a
confidence level, enabling manual adjustments for low-confidence footprints to achieve the most accurate real-
world representation. In evaluating potential flood impacts on various occupations within the area, the land-use
map was created by digitizing the different occupations within the study site. This process involved satellite
imagery from OpenStreetMap 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 to figure 5), including open
area class that corresponds to unoccupied spaces. Notably, in figure 5, land-use types are assigned based on
predominant occupations, and the color coding of the map 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 distribution maps 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 how data is distributed and interacts within the flooded areas, contributing to a comprehensive
evaluation of flood impacts for each neighborhood within our study area.
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Figure 6. Shows the locations of recent observed coastal flooding (orange dots) overlaid with modeled 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.
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Figure 7. Maps showing total flood extent for present and future situations under different climate change conditions along the Port-
Bouét 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 from OpenStreetMap standard. The area for each scenario is 5.5 km x 0.45 km.

4. Results

4.1. Coastal flood mapping

Before presenting and commenting on the findings, the eBTM output for the present day was compared to the
GPS coordinates of recently flooded areas, as described in the model validation section. The twenty collected
observation points are plotted against the model output in figure 6. It emerged from this comparison that the
model results match with about two-thirds of the observations. In the remaining one-third, the modeled coastal
flood is underestimated. However, the spatial differences between the model and observations outside of the
modeled flood extent were mostly less than 10 meters, i.e., an underestimation of just one pixel. Only two
observations (point number 8 and 20) were found to be distant from the modeled flood limit by more than 10
meters (14 and 16 meters, respectively). After analyzing the simulation’s resolution, it can be inferred that the
observed distribution of coastal floods and the model results for the present day exhibit a general consistency.
Consequently, the validity of the input datasets and the eBTM simulation in the Port-Bouét 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-Bouét Bay. The
visualizations in figure 7 offer clear evidence of the bay’s vulnerability to flooding, 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
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Table 2. Estimates of total flooded area (in hectares) per neighborhood and per scenario.

Years
Location Scenarios
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

land would periodically be flooded during extreme sea level events. Looking ahead to 2050, the coastal flood
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 to flood increases of up to 27% and 37%, respectively.
Particularly under SSP5-8.5, by the year 2100, figure 6(c) of the flood map strikingly displays a significant surge
in coastal flooding, distinctly surpassing current conditions. The analysis underscores the potential doubling of
the current flood 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 coastal flooding across the
scenarios and years. Notably, the SSP5-8.5 scenario for the year 2100 shows a significant increase in the flooded
area, indicating the highest level of exposure under this particular climate change trajectory and year. In the case
of Petit-Bassam, there is a moderate level of exposure to coastal flooding. While the projections for flooded 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 larger flooded 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 the most exposed neighborhood, followed by Petit-Bassam, and then Vridi.

4.2. Coastal flood 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. From figure 8(a), around
2465 people are currently exposed to the once-a-century flood water level, with this number expected to increase
due to demographic growth. By 2030, the increase will be between 42% and 45%, while by mid-century, it could
reach 82% to 85%. Assuming that population growth remains the same, by 2100, the number of exposed
individuals may 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 from 2020 to 2050 under future climate change conditions. By end-
century, under SSP1-2.6 and SSP2-4.5, the percentage of increase in flood-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 times more than the current scenario.

The analysis of exposed elements in each neighborhood, shown in figure 9, reveals distinct spatial patterns
across scenarios. In Vridi, 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 significant magnitude,
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 and may reach 8 to 11 times higher by the end of the century. Shifting focus to
exposed buildings, noteworthy trends emerge. In Vridji, 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
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Figure 8. Number of population (a) and buildings (b) exposed to coastal flood events along the Port-Bouét Bay under different climate
change scenarios for present and future time period.

number of buildings exposed to flooding 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 the flooded zones for each of the scenarios. Our
findings reveal that, for the present-day 100-year return period of extreme sea level, the most 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 occupations within the flooded zones. Noteworthy, the
significant proportion of exposed ‘open areas’ helps to mitigate the potential impacts of today’s coastal flood, 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
occupations most or least exposed would remain similar to the current situation (see figure 10). This indicates
that the exposure of all land use type would 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 of flooded surface (increase). For instance, under SSP5-8.5 (refer to figure 10(f)), the relative share
of ‘open areas’ decreases from 55.5% in 2020 to 35.2% in 2100, a decrease of about 20.3%, while there is an
increase of 4.6% for ‘Industrial’ (from 3.5% to 8.1%), 4.5% for informal settlements (from 25.2% to 29.7%),
3.7% for ‘critical infrastructures’ (from 0.9% to 4.6%), 3% for ‘Commercial’ (from 6.3% to 9.3%), 2.7% for
‘Residential settlement’ (from 8.5% to 11.2%), and 1.8% for “Transport’ (from 0.1% to 1.9%).

The changes in exposed land-uses suggest that coastal flood 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 suffer most from flood damage as they are located in most cases in the first line along this coastline. A
closer look at the distribution of affected housing areas across coastal neighborhoods of the Port-Bouét Bay is
shown in figure 11. Asit can be observed, Sogefiha currently stands out as the most exposed neighborhood
accounting for 86% of the housing surface exposure, trailed by Petit-Bassam (11%) and Vridi (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 projected flooding in Vridi 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 a GIS-based approach, the present study evaluates the current and future exposure to coastal flood hazard
in the Port-Bouét Bay. This kind of assessment is critical in managing and mitigating the risks associated with
coastal flooding (Sarica et al 2021). The study used the enhanced bathtub model (eBTM), which is a simple yet
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Figure 9. Population and building exposure in port-bouét’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).

effective mapping method that yielded significant outcomes. To achieve this, we incorporated into the eBTM, a
10-meter resolution DTM and robust time-dependent extreme sea level (ESL) scenarios. This DEM, generated
from the topographical data of JICA (2015), is one of the most accurate available for the area. Noteworthy that
open-source DEMs with resolutions of 30—90 meters can impede mapping the extent of coastal flooding 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 be flooded 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-Bouét Bay is currently exposed to coastal flood phenomenon with
projections showing increasing inundation surfaces and potential doubling of flood extent by 2100 under
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Figure 10. Land use exposure to coastal flooding in the Port-Bouét Bay for different climate change scenarios SSP1-2.6, SSP2-4.5 and
SSP5-8.5. (a), (b) and (c) show the flooded area per land use (in ha). (d), (e) and (f) display the distribution of affected land use as
percentage (%) of the total flooded area.

climate change scenario SSP5-8.5. This is particularly due to topographical characteristics of the area and the
unprotected coastline. Noteworthy that the flood maps obtained under current and future sea-level conditions
reveal a relatively constrained flooding extent, primarily within the first 200 meters 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-Bouét Bay. The examination of population and building exposure to coastal floods revealed that
Port-Bouét Bay is currently exposed to a relatively significant number of people and buildings, with potential
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increases projected by 2030 and mid-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. These findings corroborate the outcomes of larger-scale
studies conducted by IMDC (2017), Muis et al (2017), Nicholls et al (2007), and the World Bank (2022). The
spatial distribution of this coastal flood exposure across neighborhood indicated that the Sogefiha is the most
exposed neighborhoods followed by petit-bassam and Vridi. 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, uncertainties may 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 assumptions may be valid in the short-term
basis, there can introduce some uncertainties in the long-term estimations coastal flood exposure. Nevertheless,
these assumptions helped to simplify the understanding of the coastal environment of Port-Bouét Bay as these
types of data were not accurately available for the area.

Another source of uncertainty may arise from the model validation process. The validation of coastal flood
simulations requires data on flooding characteristics collected in a safe and effective way, very shortly after flood
occurrence (Molinari et al 2018, OPW, 2019). Unfortunately, in many coastal regions, such data is rarely
available since occurrences of coastal flooding are infrequent and related information is often not documented
following flood incidents, as stated by Bates (2004). In this study, model outputs were validated against observed
data on coastal flood 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
validation methods, it is advisable for competent authorities to explore newer data capture methods, 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 enhance model validation and
minimize uncertainties in coastal flood studies along the Ivorian coasts (Bates 2004, Molinari et al 2018,

OPW 2019, Tavares et al 2021).

In the course of our study, we employed the uniform disaggregation method for population distribution,
evenly allocating population counts from a coarse grid to finer grid cells. Worth noting is that the obtained
30x30m resolution population maps from the ‘data for goods database’ already relied on high-resolution
identification of inhabited areas and a comprehensive understanding of underlying population distribution
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patterns. This uniform desaggregation method 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 alternative methods including machine 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 associated with flood characteristics such as flood frequency, duration, depth, extent and
velocity (De Moel et al 2009). But, the specific flood characteristics to be taken into account in exposure
assessments may vary according to research objectives, methodological approach, and data quality. For Merz
etal (2007) and Zhu et al (2019), flood depth is the main driver of urban flood exposure. On the other hand,
DCLG (2009) suggested that flood extent alone could be adequate to identify the exposed elements to floods for
spatial planning purposes. In the case of the current research, only flood extent was considered in the exposure
analysis though both flood depth and extent were provided as outputs from the eBTM. This consideration is
consistent with several studies recently carried out in the field of flood management (Dandapat & Panda 2018,
Hadipour et al 2020, Jafarzadegan et al 2022, Stephens et al 2017). In this study, the omission of flood depth was
based on two main factors: the unreliability of the flood depth outputs, which were not validated, and the
resolution of the DEM used in the analysis, potentially affecting flood depth accuracy. Due to these limitations,
we focused on other flood-related parameters confidently derived from available data. Including flood depths
may require precise and current coastal land elevation data (Ward et al 201 1), which was unavailable as the DEM
used dates back to 2013. This outdated data could introduce uncertainty in the analysis. However, it is essential
to recognize that incorporating water 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, as more and accurate data becomes available, there is the
potential for further improvements and considerations in this issue. To further achieve this, Ward eral (2011)
suggests that the acquisition of LIDAR data, along with regular field campaigns, would be necessary to enhance
mapping outcomes and explore other aspects of coastal flood exposure in Port-Bouét Bay. LIDAR-based high-
resolution DEMs have demonstrated superior mapping capabilities for coastal flood-prone areas in comparison
to other types of DEMs (Poulter and Halpin 2008, Gesch, 2009). DEMs can be divided into digital terrain models
(DTMs), also known as ‘bare-earth’ DEMs, and digital surface models (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
study makes use of DTM data. However, Williams and Liick-Vogel (2020) recommend DSMs as they are based
on the principle that solid structures such as buildings and walls may influence water flow patterns in urban
landscapes, thereby offering protection to other structures. DSMs assist in identifying water pathways during
flood events. In this context, eBTM performs better with DSMs than with DTM, as a DTM represents an
unobstructed environment for water movement. Therefore, it clearly appears that LIDAR-derived high-
resolution DSMs, 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-Bouét Bay
under three climate change scenarios. Despite the simplicity of the methodology employed, it has provided a
preliminary yet informative overview of flood-prone areas, the populations, buildings, and land use categories
exposed to extreme sea level conditions, along with their distribution across the coastal neighborhoods.

In the face of some data constraints, particularly in terms of future scenarios, specific assumptions were
leveraged to address these challenges while highlighting opportunities for improving data quality and model
validation. Our study’s results reveal a gradual increase in flood 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 coastal flood hazards, particularly within informal settlements
and residential areas, identified as the most exposed land use categories. Consequently, coastal flood hazards
would emerge as the most substantial climate change impact in the study area in the forthcoming decades.

The findings 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 coastal flooding, we
can raise awareness and readiness levels across various decision-making tiers, including residents, emergency
responders, and stakeholders. This proactive approach might involve promoting the implementation of flood
protection measures and the development of comprehensive emergency response plans for flood-related
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disasters. Furthermore, the spatial disaggregation of findings down to the neighborhood scale offers the
advantage of tailored risk management and targeted interventions, thus enhancing local resilience.
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