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ABSTRACT

The increasing risk of coastal flooding in urban areas, driven by climate change and
socioeconomic development, underscores the importance of accurate information for
adaptation planning and risk mitigation. Yet, in Port-Bouét Bay, Cote d'lvoire, there is a notable
lack of comprehensive studies on coastal flood risk, despite it being a real and pressing concern.
Existing research has predominantly focused on coastal erosion and overlooking key aspects
like exposure and vulnerability when addressing coastal flood risk. These gaps hinder access
to critical information necessary for effective action. Our research seeks to address these
knowledge gaps by examining the spatial and temporal evolution of coastal flood risk over the
current century using a systematic methodology. Using numerical and GIS-based modelling,
empirical computations, statistical analysis, and index calculations, we derived meaningful
insights from diverse data sources. Focusing on the neighbourhoods of Vridi, Petit-Bassam,
and Sogefiha, our study was conducted at the neighbourhood scale. By incorporating all aspects
of risk analysis—hazard, exposure, and vulnerability, we enabled a comprehensive analysis in
these specific locations. Our findings reveal that current coastal flood events are linked to
relatively high extreme sea level conditions, projected to escalate with rising sea levels.
Consequently, flooding will directly affect more areas, populations, and key assets, with the
flood-prone area expected to nearly double by 2100, particularly under the SSP5-8.5 scenario.
Sogefiha emerges as the most vulnerable neighbourhood, facing higher susceptibility and
potential damage than Vridi and Petit-Bassam. While current coastal flood risk appears
relatively low based on risk component indices, future trends vary across neighbourhoods and
climate change scenarios. By 2100, Vridi is anticipated to have very low risk, but a shift to
high risk is conceivable under the SSP5-8.5 scenario. Conversely, Petit-Bassam is expected to
sustain low risk under all scenarios, while Sogefiha may face high to very high-risk levels,
particularly under SSP5-8.5. The present study provides decision-makers with tools and
insights to understand coastal flood risk evolution in the Port-Bouét Bay. It also provides
targeted recommendations for adapting to and mitigating coastal flood risks, as well as
promoting sustainable coastal management in Céte d'lvoire and the broader West African

region.

Keywords: Coastal flood risk; sea-level rise; socioeconomic vulnerability; local-scale

analysis; climate change adaptation.
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RESUME

Le risque croissant d'inondations cotieres dans les zones urbaines, alimenté par le changement
climatique et le développement socio-économique, souligne I'importance d'informations
précises pour la planification de I'adaptation et I'atténuation des risques. Pourtant, dans la baie
de Port-Bouét, en Cote d'lvoire, il y a un manque notable d'études exhaustives sur le risque
d'inondation cétiére, malgré qu'il soit une préoccupation réelle et pressante. La recherche
existante s'est principalement concentrée sur I'érosion cotiere, en négligeant des aspects clés
comme I'exposition et la vulnérabilité lors de la prise en compte du risque d'inondation cétiére.
Ces lacunes entravent I'acces a des informations critiques nécessaires pour une action efficace.
Notre recherche vise a combler ces lacunes en examinant I'évolution spatiale et temporelle du
risque d'inondation c6tiére au cours du siecle actuel en utilisant une méthodologie
systématique. En se concentrant sur les quartiers de Vridi, Petit-Bassam et Sogefiha, notre
étude a été menée a I'échelle du quartier. Nos résultats révélent que les événements actuels
d'inondations cdtiéres sont lies a des conditions de niveau de la mer extréme relativement
élevées, projetées pour augmenter avec la montée du niveau de la mer. En conséquence, les
inondations affecteront directement plus de zones, de populations et d'actifs clés, la zone a
risque d'inondation devant presque doubler d'ici 2100, en particulier sous le scénario SSP5-8.5.
Sogefiha apparait comme le quartier le plus vulnérable, faisant face a une susceptibilité et des
dommages potentiels plus élevés que Vridi et Petit-Bassam. Bien que le risque actuel
d'inondation c6tiére semble relativement faible selon les indices des composantes du risque,
les tendances futures varient selon les quartiers et les scénarios de changement climatique. D'ici
2100, on prévoit que Vridi aura un risque trés faible, mais un passage a un risque élevé est
concevable sous le scénario SSP5-8.5. En revanche, Petit-Bassam devrait maintenir un faible
risque dans tous les scénarios, tandis que Sogefiha pourrait étre confrontée a des niveaux de
risque éleves atres éleves, en particulier sous SSP5-8.5. La présente étude fournit aux décideurs
des outils et des perspectives pour comprendre I'évolution du risque d'inondation cotiere dans
la baie de Port-Bouét. Elle propose également des recommandations ciblées pour I'adaptation
et I’atténuation des risques d'inondations cotieres, ainsi que la promotion d'une gestion cotiére

durable en C6te d'lIvoire et dans la région ouest-africaine.

Mots-Clés : risque d’inondation cotiére ; hausse du niveau marin ; vulnérabilité socio-

économique; analyse a 1’échelle locale ; adaptation au changement climatique.
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“Coastal flooding is a sleeping giant. If the threat of sea
level rise is ignored, the projected increases in economic

damage caused by coastal flooding are massive.”

(Steffen et al., 2014, Australian Climate Council)



INTRODUCTION



The two largest entities that comprise the Earth's surface are the oceans, accounting for 70%,
and the lands or continents, which cover 27%. The transition zone between these two entities,
known as the coast, is particularly important due to the wide variety of complex environments
it encompasses, the numerous opportunities for development it provides, and the significant
percentage of the population it attracts. Coastal zones encompass a range of environments, such
as bays, estuaries, deltas, lagoons, marshes, dunes, and beaches (Basan et al., 1985), which
create the ideal conditions for a diverse and extensive range of fauna and flora. These zones,
therefore, harbour abundant natural resources that provide various ecosystem services for
human wellbeing. Additionally, coastal lands offer favourable conditions for socio-economic
activities, concentrating the majority of global industrial, recreational, tourism, and commercial
facilities. Direct access to the sea also enables international trade in these areas through ports.
In the European Union, the gross domestic product generated in regions adjacent to the
shorelines amounts to 40%, while in West Africa, it reaches 56% (EEA, 2013). Consequently,
coastal areas have become increasingly attractive to humans, with 40% of the global population
residing within 100 km of the coast, equivalent to 2.4 billion people (United Nations, 2017),
up from 1.2 billion in 1990 (Small & Nicholls, 2003). These numbers are expected to rise
significantly in the coming decades (Maul & Duedall, 2019). However, the population boom,
coupled with economic growth and rapid urbanization of coastal zones, creates a significant
pressure on coastal lands by increasing the demand for housing and land use (Creel Liz, 2003).
As a result, infrastructure and human settlements are expanding closer to the coast, leading to

environmental degradation and destruction.

Coastal zones are also characterized by the dynamics of their environments. From a physical
perspective, they exhibit a wide variety of morphological forms. These landforms are formed
and evolve following diverse oceanic and continental processes such as sediment inputs from
the continent (e.g., streams and rivers) and the ocean (due to marine and wind forces) and the
actions of marine energetic factors such as waves and currents (Rizzo & Anfuso, 2020). So,
the coastal morpho-dynamics is mainly characterized by the strong relationship that exists
between forms and processes (Cowell & Thom, 1994). Coastal change can be both spatial
(local- and large-scale) and temporal (Short-, medium- and long-) and thus highly complex. As
an example, a large-scale and long- change that could be a shift of coastal environments
landward or seaward, will be difficult to illustrate. This morpho-dynamism makes coastal
zones, particularly susceptible to climate change. Indeed, the massive emissions of greenhouse
gases (GHG) into the atmosphere that began with the industrial revolution, lead to the change
INTRODUCTION 2




of global climate systems with various s consequences throughout the world (IPCC, 2021;
Hegerl et al., 2007). In the coastal domain, one of the direct consequences of climate change
is sea level rise that is the increase of the average sea level induced by oceanic expansion and
the melting of glaciers and icesheets (Hegerl et al., 2007). Recent research warms that global
sea level may rise, in average, by a further 0.38 m = 0.17 to 0.88 m + 0.24 by the end of the
twenty-first century (Fox-Kemper et al., 2021; Garner et al., in prep., 2021). Other effects of
coastal climate change include the increase of frequency, intensity, and persistence of climate
extreme processes (storms, precipitations, etc.). All these climate change effects contribute

significantly to speeding up coastal dynamics, resulting in coastal degradation.

From the above, there is clear evidence that coastal areas are under double pressure: On one
side, a pressure from the sea with sea level rise and other influences of climate change and on
the other side, a pressure from the land as human settlements and infrastructures increases and
densify. Living in these regions therefore brings its own set of hazards (GEF LME LEARN,
2020) . Coastal hazards can occur naturally like tsunamis, cyclones/hurricanes, severe storms
and storm surges, or through human activities, for example, oil /chemical spills, habitat
removal, algae blooms and many others. But one of the main concerns today in most coastal
areas is the coastal flooding hazard, as it causes much destruction, including death and loss of
property. Coastal flooding is a natural hazard, caused by a combination of high tides, storm
surges and wave conditions, and exacerbated by climate change and the human actions of
floodplain developments (Vitousek et al., 2017; Vousdoukas et al., 2018). Given the near-
permanent and growing threat that represent this hazard, it is of utmost importance for coastal
communities (both urban and rural) to adapt and prepare for future events. However, this can

only be achieved if the risk is clearly understood beforehand.

Assessing the risk of a hazard like coastal flood is quite a complex topic since the
environmental systems in which it occurs are full of interactions and non-linearities (Rougier
etal., 2011). This complexity quite limits the complete understanding of the risk as well as the
ability to accurately predict its evolution in a context of future global environmental changes.
Thus, many governmental and local authorities are lacking key information for implementing
appropriate risk management strategies. Accordingly, most coastal communities misapprehend
the flood risk they are facing, with, many believing wrong that those exposed are only those
previously already affected by past events or those located at short distance from the coastline.
(Coquet et al., 2018; Ruz et al., 2020). Hence, research efforts in improving knowledge on
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coastal flood risk and its evolution is highly demanded for elaborating new (and/ or revising
existing) management strategies to effectively and sustainably adapt and mitigate and
guarantee the safety of growing coastal populations (Grases et al., 2020). This is the context in
which this research project comes into play.

Problem Statement

The global assessment of (Vitousek et al., 2017) has revealed that under the effects of climate
change, the tropical region with short-tailed flood-level distributions, will experience the
largest increase in flooding frequency. Explicitly speaking, the 10 to 20 cm of sea-level rise
expected no later than 2050 will more than double the frequency of extreme water-level events
in this region, impairing the developing economies of equatorial coastal cities. Paradoxally,
little is known about the phenomenon along the West African coast, which belongs to the
tropics. Very recently, the total potential flooded areas in five countries were estimated to be
around 6,650 km? by 2100, including 5,260 km? is in Mauritania and Senegal combined, 800
km? in Cote d’Ivoire, and 590 km? in Togo and Benin combined (World Bank, 2020). However,
it is key to know for a particular location what is the risk and how it will evolve through time.
Therefore, these regional/ national outcomes need to be downscale to a much smaller scale to

support local adaptation and mitigation as emphasized by Serafin et al. (2019).

The paucity of coastal flood risk studies in West Africa comes from the fact that they are mostly
carried out in association with the phenomenon of coastal erosion which is the gradual retreat
of the shoreline (e.g., Alves et al., 2020). Although this seems scientifically logical since both
phenomena have the same sources and influence each other (Pollard et al., 2019), it is worth
noting that they do not have the same exposure i.e., elements at risk from flooding are not
always at risk from erosion. For urbanised coasts, the risks associated with flooding could be
more significant than erosion. Studying both hazards together has let the coastal erosion
dominating the debates whereas the risk of coastal flooding is also real and distinct. Coastal
erosion is, today, well-known in the region through several publications at both regional and
local scales (Addo, 2013; Ankrah et al., 2023; Diaw, 2018; Djagoua et al., 2016; Gomez et al.,
2020; Guerrera et al., 2021; Konan, 2012; Konan, 2014; Konan et al., 2016; M. Touré et al.,
2018; Ndour et al., 2017; Philibert & Sylvain, 2012; Saimon, N’Doufou, et al., 2019; Yao et
al., 2010). Therefore, it is important that a much more in-depth look be cast on the coastal flood
issue, in order to evaluate its specific and detailed contribution in the degradation of the coastal
environment across the region.
INTRODUCTION 4




Another issue in assessing coastal flood risk, across West Africa, lies in the full characterization
of the risk variables. The very few researches conducted in the region focused on the hazard
and its impacts (e.g., World Bank, 2020), despite the growing consensus that the risk associated
with threats to human security cannot be reduced by concentrating solely on the hazard
(Birkmann et al., 2013). In recent literatures, the risk is understood as an interaction between
hazard, exposure and vulnerability (Reisinger et al., 2020) with some possible contextual
combinations. According to IPCC (2019), hazard refers to the potential occurrence of an event
or trend that may result in losses, damages and disruptions of services. Exposure is the presence
of individuals, livelihoods, species or ecosystems, environmental functions, services,
resources, infrastructure, or assets in places and settings that could be adversely affected. And,
vulnerability refers to the predisposition of the exposed elements to be negatively impacted.
Thus, the coastal flood risk at a given location will depend not only on the magnitude and
intensity of the hazard, but also on the characterization of the exposed elements and the level
of vulnerability of individuals and systems. And all these need to be fully considered in the risk

assessment.

The above-mentioned research gaps in the West African context left us with limited
understanding of the current and future risk to coastal flood risk. This clearly emphasizes the
urgent need for conducting more comprehensive studies on coastal flood risk to fill these
knowledge gaps. However, attempts to address these gaps should not be based on speculative
scenarios or imaginary circumstances. Instead, it is crucial to consider the most realistic
scenarios of extreme sea levels to ensure the relevance and readiness of the research outcomes

for integration into the development of coastal adaptations and mitigation strategies.
Objectives and Research Questions

The general aim of this research project is to comprehensively assess coastal flood risk in a
densely populated urbanized coastal environment, considering current conditions and future
scenarios influenced by climate change. To achieve this aim, the following specific research

questions will guide the investigation:

() What is the spatiotemporal variation of extreme sea levels along the coastline of
selected study site?
(b) What elements within the study area are exposed to the impacts of present and future

coastal flood scenarios?
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(c) How can the current coastal flood risk be characterized, and what are the projected

trends in the context of climate change?

Answering these research questions involves the following specific objectives:

(1) To quantify the spatiotemporal changes in the local extreme sea levels along the
selected study site’s coastline, considering factors such as tide, storm surges, coastal
waves and sea-level rise.

(2) Toidentify and evaluate the exposure of key elements within the study area, including
populations, buildings and occupations, to the impacts of both current and future
coastal flood scenarios.

(3) To characterize the current coastal flood risk within the study site comprehensively,
integrating hazard assessments, exposure analysis, and vulnerability assessments,
and to project how this risk will evolve in the context of climate change over the

course of the century.

Throughout this study, special attention will be given to ensuring that all the aforementioned
research gaps are effectively addressed. So, this study will be conducted at the local level
(neighbourhood scale), allowing for a detailed assessment that captures the inherent
complexities and nuances specific to the selected study area. This research will consider all
aspects of the risk analysis to provide a holistic understanding of coastal flood risk. This
inclusive approach will enable a more accurate assessment of the evolving risks and will
contribute to the development of effective adaptation and mitigation strategies tailored to the
unique challenges of the selected site. Furthermore, we will ensure that the analysis is based

on the robust and realistic scenarios of extreme sea levels.

Thesis Structure

Given all these targeted objectives, this thesis is divided into seven (5) chapters excluding this
introductory section and the concluding section. The chapters are structured as follows:
Chapter 1: Understanding the elements of coastal flood risk. Background information on
the coastal flood phenomenon is provided as well as the element to be accounted in evaluating
the risk. The different frameworks existing in the literature are also reviewed.

Chapter 2: Study area: physical, socioeconomic and environmental characteristics. The
study area's diverse characteristics are comprehensively described in relation to the central
focus of this thesis, which is coastal flood risk.

INTRODUCTION 6




Chapter 3: Quantifying changes in extreme sea levels (ESLs). It displays the outcomes
related to the first objective. The temporal evolution of compound extreme coastal sea elevation
is quantified under different climate change scenarios. The analysis is carried out at the
neighbourhood scale in order to detect possible spatial variations.

Chapter 4: Coastal flood mapping and exposure assessment. Using a GIS model,
inundation layers are defined for different years and climate change scenarios. Following this,
the inventory of all assets exposed to inundation is performed and information on the coastal
flood exposure are provided. This chapter covers the second objective.

Chapter 5: Assessment of coastal flood risk in a changing climate. Hazard, exposure and
vulnerability indices, all obtained from indicator-based assessments are aggregated to get the
overall risk indices for every neighbourhood at the current and future time period. Chapter 5
covers the third and last objectives of this thesis.

It is noteworthy that Chapters 3, 4, and 5 will present the working methodology dedicated to
achieving each of the stated work objectives they address. Furthermore, the concluding section
of this work will include key recommendations for promoting and improving coastal flood risk
reduction and adaptation within the local context.
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UNDERSTANDING THE ELEMENTS OF COASTAL
FLOOD RISK



1.1. Introduction

The risk of coastal flooding is a highly interesting topic that has garnered the attention of
governments, organizations, and academic communities (Fang & Shi, 2021), particularly those
in the field of disaster risk management. With the onset of climate change, it has become
increasingly studied, mostly in regions where it is increasingly posing a genuine threat to both
populations and infrastructure (e.g., Hall et al., 2006; Kebede & Nicholls, 2011; Reguero et al.,
2015; Steffen et al., 2014). As a result, there exists a substantial body of knowledge on coastal
flooding risk that can be leveraged to enhance our understanding of this phenomenon. The
purpose of this chapter is to provide the requisite background information necessary for
comprehending the subject matter of this doctoral research. It is rooted in a rigorous review of
the extant literature. The various sections and subsections provide definitions of relevant
terminology, elucidate the processes at work, and furnish an overview of the factors and

framework to be taken into account in evaluating and managing coastal flood risk.

1.2. Coastal flooding

1.2.1. Overview

In a broader sense, the coastal flood refers to the flood occurring in coastal zones (Fang & Shi,
2021). However, for the purpose of this study, coastal flood is defined as natural phenomenon
where coastal areas become submerged by the nearby sea (D’Arcy et al., 2022). It occurs
suddenly when meteorological conditions become extremely severe, causing sea levels to rise
significantly. This rise in sea levels can lead to the overtopping or breaching of coastal defences
like dunes and dikes, ultimately resulting in the inundation of low-lying areas (see Figure 1-1).
As such, coastal flood leaves little, if any, time for warning and preventative evacuation and
results in most cases in significant impacts including damage to coastal infrastructure and
ecosystems, harm on human health and disruption of people lives (Steffen et al., 2014; World
Meteorological Organization, 2013). They have historically been, and currently are, one of the
deadliest and most damaging natural hazards in the world (Idier et al., 2020). In 2005, the
average coastal flood losses in the world's 136 largest coastal cities have been estimated to be
approximately US$6 billion per year (Hallegatte et al., 2013). The deadliest coastal flood ever

recorded resulted from the Bhola tropical cyclone in November 1970. The casualties from this
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event were estimated between 300,000 and 500,000 people killed in Bangladesh and
neighbouring countries in the Gulf of Bengal (Cerveny et al., 2017).

Figure 0-1: Picture showing a coastal flooding occurrence (Location: South Australia; Sources:
https://data.environment.sa.gov.au/coast-and-Marinal-Flood-Mapping-
Viewer/Publishinglmages/picl.jpg).

Despite the recent advancements in coastal flood defence techniques and improvements
in early warning system in many coastal countries, there have been a number of significant
marine flood events throughout the world that still have had deadly and damaging
consequences. For example, in France, the coastal flooding event caused by the 2010 storm
xynthia on the Atlantic coast killed 53 people and over 1.5 billion Euros of damages (Chauveau
etal., 2011; Lang et al., 2013). The flooding resulting from a storm surge following the typhon
Yolanda on November 2013 in the Philippines, killed more than 6 thousand people in the city
of Tacloban (Santos et al., 2015). In west Africa, coastal flood impacts are mostly limited to
areas around coastlines and events are generally not well documented. However, the cost of
the coastal zone degradation in Benin, Cote d’Ivoire, Senegal and Togo as a result of flooding,

erosion and pollution was estimated at $3.8 billion in 2017 (World Bank, 2019).

These coastal flood impacts are likely to be acute with the effects of climate and socio-
economic changes in the coming decades (Hallegatte et al., 2013; Hinkel et al., 2014; Vitousek
et al., 2017). Future climate change could increase the global average coastal flood losses to
US$60 -63 billion per year by 2050 (Hallegatte et al., 2013). According to (Kirezci et al.,
2020), even with a significant GHG reductions, an additional 23 million individuals may be at

risk by 2050. And if no action is taken, 20% of global GDP could be threatened by 2100.
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1.2.2. Drivers

Coastal flooding can be driven by the dynamic interaction of different physical oceanographic
processes, which, may vary across coastal regions. Generally, they include tide, storm surge,
wave condition, rising sea level due to climate change (D’Arcy et al., 2022). To these must be
added the pathways via which flooding occurs i.e., the local coastal morphological features
(Pollard et al., 2019). Figure 1-2 provides a visual representation of these contributing factors,
which will be further elaborated on in the following sub-sections, providing a general overview

of each driver.

Wave swash

Figure 0-2: The Water-level components that contribute to coastal flooding (Adapted from Vitousek et
al., 2017)

1.2.2.1. Tide

Tide is the periodic rise and fall observed in water levels every day due to changes in the
attractive forces of the Moon and Sun upon the rotating Earth (Roos, 2014). Tide is considered
one of the most reliable occurrences on Earth due to its regular and predictable cycle. In most
coastal regions, changes in local water depth are primarily caused by the constant movement
of tidal waves in the ocean (Siek, 2011). High tide takes place when the crest or peak of the
tide reaches the coast, while low tide occurs when the trough or lowest point of the tide meets
the coast. The difference in height between the high and low tide is referred to as the tidal range
(TR). The tide also produces a horizontal water movement known as the tidal current. During
a period of rising tide, the incoming water, moving towards the land, is referred as flow tide or
flood tide. Conversely, after few hours, when the tide is falling, water begins to recede, we

refer to the outgoing tide as an ebb tide.
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Global tidal patterns are caused by the gravitational pull of both the moon and the sun on the
Earth, resulting in the formation of two water bulges that appear on opposite sides of the planet.
Due to its closer proximity to the Earth, the moon has the greatest influence on tidal patterns.
The sun is 2.16 times less influential than the moon in causing the tide (Hicks, 2006). However,
the arrangement of the Earth, Moon, and Sun is a critical factor in determining the variability
of tides (figure 1-3). During periods of alignment, known as spring tides, the gravitational
forces of both the Moon and Sun are combined, resulting in the highest and lowest tides. These
typically occur during full and new moons. On the other hand, during neap tides, which arise
during the first and last quarters of the Moon, the Sun and Moon are at right angles to one
another, causing the Sun's gravitational pull to partially offset that of the Moon's. This results
in lower high tides and higher low tides. Two spring tides and two neap tides can occur during
one tidal cycle, which has an average duration of 29.53 days. This means that a spring tide or
a neap tide occurs approximately every 14.765 days, which is half the length of the tidal cycle
(Hicks, 2006).
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Figure 0-3: Description of Neap and spring tides (Ramsdales, 2023)

Other factors contributing to the global tidal patterns may include (i) the Moon’s declination
(angle of the Moon’s orbit with respect to the Earth’s equator) which varies over an 18.6-year
cycle from a maximum of ~28° to a minimum of ~18°; (ii) the eccentricity of the Earth’s orbit
around the sun; (iii) and the eccentricity of Moon’s orbit around the Earth (Roos, 2014). At the
regional and local level, variations in tidal range may be dramatically affected by underwater

bathymetry and the shape of the coastline.

Tides are classified into three types, semidiurnal, diurnal, or mixed, based on their natural
period of oscillation in a given body of water. In the semidiurnal tide, there are two high and

two low waters each tidal day, with relatively small differences in the respective highs and
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lows. On the other hand, in the diurnal tide, only a single high and single low water occur each
tidal day. In the mixed tide, the diurnal and semidiurnal oscillations are both important factors
and the tide is characterized by a large inequality in the high-water heights, low water heights,

or in both. Figure 1-4 illustrates these three classes of tide.
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Figure 0-4: lllustration of time series data depicting diurnal [a], semidiurnal [b], and mixed tides from
(NOAA, 2023)

The global phenomenon of tides is a constant source of coastal flooding that may mainly occur
during high tides. Nevertheless, since high tide may vary across different locations of the world,
the impact of tides on the overall water level that results in flooding may depend on the specific

tidal attributes of the local area.

1.2.2.2. Storm Surges

Driven by meteorological forces such as strong wind friction and low air pressure, storm surge
is a type of long wave motion that is pushed toward the shore (Kohno et al., 2018; Siek, 2011).
It oscillates within a range of a few hours to some days depending to the atmospheric weather
systems (Flather, 2003). The rise in sea level as a result of storm surge can cause severe
flooding in coastal areas (figure 1-5), particularly when the storm tide coincides with the high
tides (Mohanty et al., 2023). In some coastal areas, extreme coastal floods can be related to
severe storm surge occurrences, such as cyclones, typhoons, or hurricanes that impact the

exposed coastline.
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Figure 0-5: Storm surge inundation od the coastal land (modified for Berkowitz & Galocha, 2022)

Unlike tides, storm surges are very unusual (Kohno et al., 2018) as they depend on the
meteorological conditions. They are generated on top of the expected tide. Nevertheless, as the
surge approaches the coast, it may interact with the regular tide, leading to storm surge
amplification or reduction (Velickov, 2004). Storm surge and astronomical tide are generally
summed up under the term “storm tide” or “tide surge”. Storm tide may also represent the
interaction between the tides and the surges. In practice, the actual interaction is difficult to
describe in terms of analytical calculation and some knowledge can be gained from the
numerical models (Siek, 2011). Tide-surge interaction on a local scale is very important
because it is most apparent in shallow-water areas where large surges may be generated. The
nonlinear interaction between the tides and surges may significantly change the return period
of extreme storm tide. The storm tide level, also known as still water level (SWL), can be
measured locally using tide-gauge equipment. A tide gauge is a device for measuring the
change in sea level relative to a baseline or datum which may be the mean sea level (MSL) for
instance. From a still water level record, storm surge is derived by simply subtracting the record

with the predicted tide based on harmonic analysis (Kohno et al., 2007).

1.2.2.3. Ocean Waves

Ocean waves are formed as a result of the transfer of energy from the blowing wind to the
ocean water surface, which is facilitated by the pressure and friction forces that disturb the
equilibrium of the ocean surface (Gourlay, 2011; Holthuijsen, 2007; Pecher & Kofoed, 2017).

The wave climate at a particular point in the ocean is therefore directly related to the wind
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fields prevailing in the wave generation area. The duration of a storm and the distance over
which the wind blows continuously, known as the fetch, play crucial roles (Pecher & Kofoed,
2017). In principle, Waves in deep ocean start as small ripples and grow in size through
consistent wind energy input (figure 1-6). Once energy loss, such as white-capping, counteracts
the energy input, the waves become fully developed seas within the fetch, and their growth
ceases. Wind speed and fetch determine whether a sea is fully developed or not. Fully
developed waves that persist beyond the wind that formed them are known as swell waves,
which are more orderly and regular in shape and direction compared to the more chaotic and

disordered appearance of seas.
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Figure 0-6; Process of ocean waves generation (Pecher & Kofoed, 2017)

In the case of monochromatic linear plane waves in deep water (see figure 1-7), water particles
near the surface move in circular paths, making ocean surface waves a combination of
longitudinal (back and forth) and transverse (up and down) wave motions (Siek, 2011). The
ideal ocean surface wave is characterized by a sinusoidal shape, with identical crests and
troughs and a fixed wavelength, moving progressively with water particles following orbital
paths to complete one cycle per wave as shown in figure 1-7 (Holthuijsen, 2007). Ocean waves
are generally described using parameters such as wave length, height, period and frequency.
Wave length is the horizontal distance between adjacent crests or troughs, while wave height
is the vertical distance from crest to adjacent trough. The time it takes for consecutive crests to

pass a fixed point defines wave period, with wave frequency measuring the number of complete
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waves occurring per unit time (in hertz or cycles per second). Finally, the speed at which a
wave crest moves horizontally across the ocean surface is known as wave celerity or phase

speed (m/s).
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Figure 0-7: Characteristics of the ocean wave (source: Oceans images (educatorpages.com))

Waves propagate along the interface between water and air. This propagation, according to
(Siek, 2011) may involve a lot of processes and interactions including wave dissipation, wave
frequency-direction interaction, wave’s modifications due to boundaries (coastline, islands,
icesheet cover), moving boundaries (ship waves), batnymetry (refraction, shoaling, diffraction,
breaking, reflection), and baroclinic currents (blocking, refraction by current gradients). When
deep sea waves approach the coast, they lose energy and become steeper (Gomes da Silva et
al., 2020). The contribution of waves to the total sea level leading to flooding in the coastal
domain can be assessed through the wave runup parameter. Wave runup is defined as the set
of discrete water-level elevation maxima measured on the foreshore, with respect to the SWL
(Stockdon et al., 2006). The wave runup is composed of the wave set-up and the wave swash
as shown in figure 1-8. Wave set-up indicates the mean wave height in the surf zone during the
waves breaking, while wave swash refers as the amplitude of the time-varying elevation as the
waves interact with the beach (Fassardi, 2007; Stockdon et al., 2006).
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Figure 0-8: Conceptual sketch of wave runup on a beach (blue line) and setup (red shorter line). The
difference between wave runup and wave setup is the swash Adapted from Melby et al. (2012).

Wave runup and its components are generally assessed through empirical formulas, physical
or numerical models. However, empirical formulas are mostly and frequently used due to their
advantage of being simple and easy to apply, allowing for fast and low-cost calculations
(Gomes da Silva et al., 2020). They make use of parameters such as beach slope, wave height,
and wave length, the latter two of which are taken offshore, specifically at a depth greater than
half the wave length (Stockdon et al., 2006). Typically, wave runup is presented in terms of
runup statistics such as the maximum runup of the time series (R,,,4) Or the runup exceeded

by 2% of the waves (R,q,).

1.2.2.4. Sea-level Rise

Another significant driver of coastal floods is sea level rise. It refers to the increase in the mean
sea level (MSL) induced by the effects of the warming climate. Sea-level rise occurs as a result
of thermal expansion and the melting of land-based ice sheets and glaciers (Li et al., 2020)
which are the visible effects of the warming climate. Measurements from tide gauges and high-
precision altimeter satellites have shown that sea level has been rising since the mid-to-late
nineteenth century (Church & White, 2011; Jevrejeva et al., 2008; Nerem et al., 2010).
However, the rate of SLR may vary at different spatial and time scales (Woodworth et al.,
2019). Large-scale SLR variability are mainly linked to climate change and its global effects.
SLR can also vary at smaller scales. For instance, SLR may be different in the coastal and
nearby deep ocean areas or in two adjacent coastal areas and. The small scales variability of
sea level rise at the coastline are generated by numerous processes including the shallowness
of coastal waters, the complexity of coastlines and the seasonal runoff variation from coastal
rivers. Due to shallower water depth in the coastal domain, sea-level rise may interact in a

certain degree with the other coastal flood drivers i.e., Tide, storm surge and wave, leading to
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amplification or reduction of the latter drivers. Additionally, the local or regional vertical
coastal land motion (uplift and/or subsidence) and groundwater storage may introduce another
source of mean sea level variability at a smaller scale (Nicholls et al., 2021). Noteworthy that

when the local factors accounted in sea-level rise, it refers as “relative sea-level rise”.

Projections of SLR by IPCC, (2021) show accelerated increases by the end of the century as a
result of future climate change. According to Clark et al. (2016) and Meehl et al. (2012), Even
if efforts are made to limit the warming of the Earth's surface to 2.0° or 1.5°C by the year 2100,
it is still expected that there will be global sea level rise for several centuries or even millennia.
As the mean sea levels continue to rise, the potential for increased storminess, higher storm
surge heights, and larger tidal ranges will increase in certain regions. This could result in more
frequent and severe coastal flooding (Taherkhani et al., 2020), which is already known to cause

significant socioeconomic damage.

1.2.2.5. Coastal Morphological features

Coastal flood occurrence can also be driven by coastal morphological features such as
nearshore bathymetry and coastline and onshore morphologies. These natural pathways modify
flooding hazard through their interactions with hydrodynamic conditions (Pollard et al., 2019).
They originally act as natural defences against coastal flooding in a certain degree, by
attenuating wave energy and reducing the intensity of storm surges (Grases et al., 2020).
However, coastal morphologies which are locally-specific may change through time as changes
occur in processes responsible for contemporary coastal characteristics (Pollard et al., 2019).
These processes involve both hydroclimatic, terrestrial and human factors. Indeed, changes in
still water level and wave conditions may sharpen nearshore bathymetry and retreat coastline,
altering the natural defences against flooding. Terrestrial factors may include subsidence of the
coastal land, which could significantly increase the sea level relative to the land surface. In
addition, human activities on dry coastal lands such as constructing on coastal dunes, sand
mining, mangroves cutting and land reclamation can also alter or remove the coastal natural

defences, making the coast more vulnerable to flooding.

Overall, the complex interplay between natural coastal morphological features, human
activities, and hydroclimatic changes may lead to significantly morphological alterations,
creating new flood-prone areas or exacerbating the existing ones. Therefore, understanding

how temporal changes to coastal morphology will modify flood risk is a substantial for
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establishing future coastal flood management strategies. Nevertheless, this may be challenging

given the lack of datasets characterising historic coastal morphology in many coastal regions.

1.3. The Risk Concept

“Risk” represents the potential for adverse consequences where something of human value
(e.g., ecosystem service, people, livelihood and key infrastructure in low-lying coastal area) is
at stake and where the outcome of flooding, such as property damage or loss of life, is uncertain
(IPCC, 2019). The concept of risk has largely evolved over time, and many attempts have been
made to define it in various ways, often reflecting the specific contexts or purposes of different
fields of study related to disaster management. Unfortunately, this has led to confusion, with
authors and practitioners using the term "risk™ interchangeably with other concepts, such as
disaster, hazard, and vulnerability. Despite ongoing efforts to clarify these terms, such mistakes
continue to be made in the literature. To avoid confusion, first, it is essential to differentiate
between "risk" and "disaster." Risk is a measurable probability of adverse consequences from
a hazard, based on the exposure and vulnerability of the entity at risk. In contrast, a disaster
refers to a serious disruption of the normal functioning of a community or society, caused by
hazardous events at any scale (UNDRR, 2020). The consequences of a disaster can be severe,
resulting in losses and damages to human health and safety, infrastructure and property, the
economy, and the environment. The latest definition of risk is provided by the
Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report (AR6), which
describes it as a dynamic interplay between hazards, exposure, and vulnerability of individuals
or systems (Reisinger et al., 2020). This definition will guide the present work.

When considering coastal flooding in the context climate change, the risk is characterized by
a dynamic nature (Reisinger et al., 2020), which is attributable to the intricate interactions
between natural and human-induced factors rather than being a static phenomenon. Risk is
constantly changing and evolving with time. As global temperature rises, climate change and
sea-level rise contribute to this dynamism by increasing the likelihood and severity of coastal
flooding as increasing extreme high tides, storm surges and wave conditions cause more water
to overflow the low-lying areas. In addition to natural factors, human activities such as coastal
development, land-use changes, and infrastructure modifications can also contribute to the
dynamic nature of coastal flood risk. Furthermore, the perception of coastal flood risk can also

be dynamic, influenced by social, economic, and cultural factors. People's attitudes towards
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coastal flooding can change over time, influenced by past experiences, media coverage, and
government policies. Overall, the dynamic nature of coastal flood risk highlights the
importance of ongoing monitoring, assessment, and adaptation measures to manage and
mitigate the potential impacts of coastal flooding. It also emphasizes the need for a
comprehensive and integrated approach that considers the interplay of natural, human, and

social factors in determining coastal flood risk.

In the next sections, we discuss the different terminologies used in the coastal flood risk concept
in order to avoid confusion or misunderstanding in using terms such as hazard, exposure and

vulnerability, which are the mean component of the risk.

1.3.1. Hazard

The term "hazard" typically refers to a physical event or human activity that has the potential
to cause harm, whether it be loss of life or injury, damage to property, disruption of social and
economic systems, or harm to the environment (IPCC, 2019; UNDRR, 2020). In general,
hazards can arise from natural, technological, or mixed processes (Ferreira et al., 2021), and
can be single, sequential, or combined in their origin and effects (UNISDR, 2009). Regarding
coastal flooding, hazards can result from factors such as high tides, storm surges, or other
weather-related events, which are external to the system or elements at risk. However, human
activity can modify and exacerbate these hazards, making them internal to the system. For
instance, when natural areas like wetlands or coastal vegetation are cleared for human
development and/ or beach sands are mined for construction, the natural ability of the landscape
to absorb and buffer against flood events is reduced. As a result, flooding hazards are
exacerbated, and the potential for damage and loss of life is increased. It is important to
distinguish between hazards and the concept of risk, as the former is a key component of the
latter. When discussing hazards, it is necessary to specify their basic characteristics, including

location, time, intensity, and frequency, as outlined in Table 1-1.
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Table 1-1: Description of hazards’ characteristics (Modified from Gravley, 2001)

Hazard Characteristics Definition
Magnitude It refers to the size or intensity of a hazard. Only those
occurrences that exceed some common levels of magnitude are
extreme
Frequency How often an event of a given magnitude may be expected to
occur in the long-run average.
Duration The length of time over which a hazardous event persists, the
onset to peak period.
Areal Extent The space covered by the hazardous event
Speed of Onset The length of time between the first appearance of an event and
its peak
Spatial Dispersion The pattern of distribution over the space in which its impacts
can occur
Temporal Spacing The sequencing of events, ranging along a continuum random to
periodic

1.3.2. Exposure

Flood hazard maps or characteristics generally do not indicate the specific characteristics of
the affected buildings or properties. Instead, exposure analysis is conducted to identify the
elements at risk of flooding (Kang et al., 2005). Coastal flood exposure refers to the presence
of human assets, such as people, infrastructure, housing, and production capacities, in areas
that are susceptible to hazards (IPCC, 2019; UNDRR, 2020; Lincke et al., 2022). These assets
are therefore at risk of potential losses and damage due to coastal flooding. Assessing exposure
involves mapping the location and assets relative to the flood hazard. Exposure analysis is
critical in estimating the elements at risk.

Exposure to flooding can have diverse impacts on coastal communities. Such impacts may
include economic losses, such as damage to property, infrastructure, and businesses, as well as
lost productivity and income. Coastal ecosystems, water quality, and marine habitats may also
suffer environmental damage. Additionally, flooding can cause social impacts such as the
displacement of communities, loss of cultural heritage, and damage to public health and safety.
Understanding these characteristics can help stakeholders develop effective strategies for

reducing coastal flood exposure and managing the impacts of coastal flooding.
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1.3.3. Vulnerability

Vulnerability is a critical component of risk assessment and management, reflecting on the
conditions or processes enabling a person or a community to anticipate, cope with, resist and
recover from the impact of a natural or man-made disaster (IPCC, 2019; Rana & Routray, 2018;
UNDRR, 2020). The level of vulnerability within a community can be influenced by how well
the community is organized to mitigate or amplify potential losses from a hazardous event
(Birkmann, 2007; Shepard et al., 2012). Assessing vulnerability is essential for understanding
the actual conditions of any exposed element, such as communities, buildings, ecosystems, and
critical infrastructure, and for developing effective strategies for reducing vulnerability (Alam
et al., 2022). This, in turn, helps decrease the level of overall disaster risk.

Vulnerability is a multifaceted concept that encompasses various critical components and
considerations. In the literature, some authors concentrate on the susceptibility of a system to
hazard, others emphasize factors such as coping capacity, resilience, and/or recovery. Still,
others integrate multiple aspects to provide a more comprehensive understanding of
vulnerability. Schneiderbauer & Ehrlich (2004) note that susceptibility most describes pre-
event vulnerability, while resilience describes post-event vulnerability. Resilience may be
divided into immediate aftermath coping capacity and longer-term recovery (Schneiderbauer
& Ehrlich, 2004).

Vulnerability is multidimensional with four main dimensions which are generally related to the
physical, environmental, social and economic conditions (UNDRR, 2020). Table 1-2 provided
a short description of what each dimension may involve. It is also important to note that several
dimension combinations may be possible e.g., socioeconomic, socioecological. The level of
vulnerability within a population is a constantly changing characteristic due to changes in
physical, environmental, social, and economic conditions (Ford et al., 2018). Nevertheless, the
focus of vulnerability research has mainly been on the current state of vulnerability or on or
the historical changes in vulnerability, with little attention given to how vulnerability may
develop in the future (Fawcett et al., 2017; Li et al., 2023; Magnan et al., 2016). As a result,
the study of future vulnerability has been relatively understudied and is mostly described in
general terms. One of the primary reasons for this is the lack of projected data, as vulnerability
is influenced by a wide range of human behaviours and choices that are challenging to predict
(Engle et al., 2014; Nelson et al., 2016).
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Table 1-2: The different dimensions of Vulnerability

Dimension Reference

Physical Vulnerability of the built environment and infrastructure

to damage and destruction

Environmental / ecological Vulnerability of the natural environment and ecosystem

to damage and degradation.

Social Vulnerability of the communities and populations to harm
and disruption

Economic Vulnerability of the community’s economic systems and

activities to disruption and loss

Various conceptual frameworks exist to model vulnerability related to a hazard e.g., the MOVE
framework (Birkmann et al., 2013), the coastal cities flood vulnerability (CCFV) framework
(Balica et al., 2012), the coastal flood vulnerability (CFV) framework (Wu, 2021), the urban
social-ecological-technological systems (SETS) flood vulnerability framework (Chang et al.,
2021), and many others. These frameworks provide a systematic way to understand and analyse
the underlying causes of vulnerability, as well as to identify and prioritize interventions to
reduce vulnerability and increase resilience Each framework possesses its unique strengths and
weaknesses. While certain frameworks specialize in assessing vulnerability related to specific
hazard like coastal flood or urban flood, others adopt a broader perspective for evaluating
vulnerability in diverse contexts. Ultimately, vulnerability frameworks serve as valuable tools
empowering decision-makers and stakeholders to gain deeper insights into vulnerability and

effectively address it, fostering the development of more resilient communities and systems.

Depending on the purpose and scope of the vulnerability assessment, various approaches or
techniques may be use. Generally, these approaches adopt a socioecological and location-
specific perspective, emphasize the importance of human rights, and pinpoint areas of high risk
(Alam et al., 2022). Local-level assessments are commonly employed in these models, as
vulnerability can differ significantly even among nearby communities (Pandey et al., 2010;
Sowman & Raemaekers, 2018). Such precise evaluations are essential for accurate planning
and effective stakeholder engagement. Assessing vulnerability can be accomplished through
either quantitative or qualitative methods; however, it may be crucial to use both methods,
especially when identifying and measuring risks and vulnerabilities both before and after

disasters occur (Birkmann, 2007). A mixed methods approach takes into account the social
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aspects of individuals, households, or communities, and involves their participation in
expressing their perceptions of risks within a particular region (Wisner, 2016). Using mixed
method makes it possible leverage the strengths of both methods, leading to the emergence of
various forms of vulnerability measurement, which may include a deductive approach
(Indicator-based) and an inductive or participatory approach that involves populations own
perceptions and resilience (Kuhlicke et al., 2011). This integrated approach to vulnerability

assessment is crucial in ensuring that risk reduction projects can be successfully implemented.

1.3.4. Risk Equation

The concept of risk as earlier defined is characterized by the dynamic interactions between the
level of hazard, exposure and vulnerability which have individually been discussed above.

Therefore, risk strongly depends on these three components, as illustrated in Figure 1-9.

Hazard Exposure

Risk

Vulnerability

Figure 0-9: The interaction of three factors (vulnerability, exposure, and hazard) that influence risk.

To account for this interaction, several formulations have been developed in the literature.
However, the one that has been widely accepted and applied in research on disaster risk
management (e.g., Hadipour et al., 2020; Paranunzio et al., 2022) can be expressed as Equation
1-1.

Risk = Hazard X Exposure X Vulnerability (Equation 1-1)
So, for a given climate change scenarios and time period, the coastal flood risk is obtained by

multiplying the corresponding level of hazard, exposure and vulnerability. In general rule, the

risk equals O if one of the three components of hazard, exposure or vulnerability is null.
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However, if one or more of these components is very high, then there can still be a significant
risk even if the other components are very low or absent. For instance, in case of high
vulnerability, the risk of a negative outcome is still present even if the hazard and exposure

levels are very low or absent.

1.4. Risk Management and Adaptation

1.4.1. Risk Management Spiral (RMS)

Risk management involves the practice of examining, formulating, and implementing decisions
in the face of disaster risks (Jones & Preston, 2011). It is composed of processes, methods, and
frameworks designed to concurrently minimize the impacts of hazards and maximize
opportunities. As such, it requires expertise from various scientific disciplines. Disaster or risk
management has been acknowledged as a cyclical and multi-stage process (Coppola, 2015;
Ranaetal., 2021; Sawalha, 2020), characterized by several distinct phases. Ideally, this process
begins with conducting a comprehensive risk analysis to understand potential risks (a).
Subsequently, mitigation measures are implemented to minimize the potential impacts of future
events (b). Finally, an effective response and recovery phase is initiated following a disaster
(source) (c). However, given that all the different components of risk management are spatially
and temporally variable, the concept can be best understood by envisioning the cycle as an
infinite risk management spiral (Aubrecht et al., 2013), which accommodates the dynamic

nature of risk management processes.

The disaster or risk management spiral (RMS) is a crucial tool in comprehending the risk
management steps and facilitating the effectiveness of risk management. The spiral emphasizes
that different phases of disaster management involve interconnected activities (Aubrecht et al.,
2013; Dodman et al., 2013), which can be categorized into two main phases: pre-event and
post-event phases. Pre-event activities include mitigation and preparedness, while response and
recovery are port-event activities. Pre-event activities are conducted as proactive approach
while the activities conduct after the disasters are called reactive approach. Below, we describe
the four steps involved in the RMS based on information from Coppola (2015) and from
Iftekhar and Charlesworth (2014). Figure 1-10 illustrates this modern RMS.

e Mitigation, also known as Disaster Risk Reduction (DRR), encompasses both

structural and non-structural measures that are implemented with the aim of reducing
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or eliminating the likelihood and/or consequences of a hazard, thus treating the hazard
in a way that has a lesser impact on society.

e Preparedness involves a series of activities and measures taken in advance to ensure a
swift and effective response to disasters. The primary goal is to provide people who
may be affected by a hazard with the necessary tools to increase their chances of
survival and reduce the negative impact on their financial and personal well-being.
Preparedness measures may include developing practical disaster plans, ensuring the
availability of essential resources, and providing comprehensive training to personnel
involved in disaster response. Preventive factors may either be applied to preparedness
or mitigation.

e Response: Response is the provision of assistance or intervention immediately after a
disaster to meet the life preservation and basic subsistence needs of those affected. It
involves taking action to reduce or eliminate the impact of disasters to prevent further
suffering or financial loss. Response measures are directed towards saving lives,
protecting property, and dealing with the immediate damage caused by disasters. The
success of response depends on good preparedness, and its effectiveness has a
considerable bearing on subsequent recovery requirements and activities. Response
operations are often difficult to implement, disruptive, and traumatic, and require sound
planning, organization, and training.

e Recovery: Recovery is the process of restoring or improving the pre-disaster living
conditions of a community, while reducing the risk of future disasters. It involves
returning victims' lives to a normal state following the impact of disaster consequences.
The recovery phase begins after the immediate response has ended and can last for

months or years. Recovery includes restoration, reconstruction and development.
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Figure 0-10: The Risk management Spiral (Adapted from Aubrecht et al.(2013))

In the past, there has been a predominant reactive approach to dealing with disastrous events,
rather than a proactive one. Unfortunately, lessons learned from past events were not
adequately considered, leading to a vicious cycle where subsequent disasters often had similar
or even worse effects (Van Westen, 2013). Additionally, the lack of effective communication
and coordination further complicates post-event crisis and disaster management (Aubrecht et
al., 2013). By incorporating forward-looking activities such as forecasting, prediction,
foresight, and strategic planning, and involving multiple stakeholders in participatory risk
assessment, greater emphasis can be placed on the pre-event stage (Aubrecht et al., 2013),
particularly in terms of preparedness. Envisioning future developments and integrating past
findings, as well as current characteristics, can help minimize potential impacts before disasters
occur. However, it is important to acknowledge that achieving zero risk is impossible. Despite
continuous improvements in risk management, there are always residual risks that keep the
spiral of risk management ongoing. This ongoing spiral of risk management underscores the
need for continued efforts in keeping good management practises, even in the absence of

immediate threats.

1.4.2. Adaptation

In order to address current and upcoming risks, it is essential for nations and communities to
devise adaptation solutions. Lately, adaptation measures for climate-related risks have gained

more recognition, notably within the United Nations Framework Convention on Climate
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Change (UNFCCC), and among disaster and development experts (van Aalst et al., 2008).

Adaptation essentially refers to the process of adjusting to changes in the ecological, social,

and economic systems in response to actual and anticipated risks, with a similar aim as the risk

management spiral, which is to minimize negative impacts and maximize beneficial

opportunities (IPCC, 2012). Adaptation actions can take on many forms and are generally

contextually customized (Morgan et al., 2019). Adaptation measures may differ across

temporal and spatial scales. Short-term adaptation is often viewed as a reactive response,

whereas adaptation at larger scales is typically seen as an anticipated outcome through the

implementation of policies, projects, and current plans and actions (Jia et al., 2021). The

process for effective adaptation, also known as the adaptation cycle is shown in Figure 1-11.
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Figure 0-11: The adaptation cycle under the UN climate change regime (UNFCCC, n.d.)

According to UNFCCC (2018), successful adaptation requires:

The active and sustained engagement of stakeholders, including local communities,
national, regional, multilateral, and international organizations, and effective
management of knowledge.

The use of the best available science, traditional knowledge, knowledge of indigenous
peoples, and local knowledge systems, with a view to integrating adaptation into
socioeconomic and environmental policies and actions

The use of a country-driven, gender-responsive, participatory, and fully transparent

approach, considering vulnerable groups, communities, and ecosystems.
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It is important to acknowledge that the ongoing discussions regarding the improvement of the
risk management cycle highlight the need for integrated risk management. It has become
widely recognised that successful risk reduction cannot be achieved without incorporating
climate change adaptation into the disaster management cycle (Birkmann & von Teichman,
2010; Nalau et al., 2016). As a result, there have been several proposed alternatives such as
panarchy and resilience frameworks (Berkes & Ross, 2016; Manyena et al., 2019; Pescaroli &

Alexander, 2016), which aim to comprehensively address climate-related risks.

1.5. Conclusion

The threat of coastal flooding is a significant concern for coastal communities in the context of
global climate change. These floods are caused by a complex interplay of physical (Tide,
coastal Morphology), environmental (sea-level rise), and climatic (storm surge, ocean waves)
factors that can lead to severe damage to coastal areas. The risk associated with coastal flooding
is equally complex, resulting from the interplay of hazard, exposure, and vulnerability. To
effectively address this risk, a coordinated effort is necessary to mitigate, prepare for, respond
to, and adapt to coastal flooding events. By taking appropriate actions, we can reduce the risk

of flooding and create resilient coastal communities for the future.
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STUDY AREA: PHYSICAL, SOCIOECONOMIC AND
ENVIRONMENTAL CHARACTERISTICS



2.1. Introduction

Coastal flooding poses a significant and complex threat that can cause severe damage to both
human communities and the natural environment (ldier et al., 2020; Nicholls et al., 2007;
World Bank, 2019). The risk of flooding in a particular coastal area is influenced by a range of
natural and anthropogenic factors. Natural factors such as topography, hydrodynamics, and
meteorological patterns can greatly affect the likelihood and severity of flooding, while human
factors such as urbanization, land use change, and infrastructure development can worsen the
risk. A comprehensive understanding of these factors in the local context is crucial for

effectively assess the risk to coastal flooding.

This chapter aims to provide a thorough characterization of the study area in relation to the
main issue of the research, which is the potential risk of coastal flooding. The chapter
emphasizes the exploration and description of the physical, socio-economic, and environmental
setups that contribute to the area's susceptibility to flooding. The physical setup includes the
geology, geomorphology, sedimentology, drainage, climate and metocean conditions. The
socio-economic setup includes population density and economic activity. Finally, the
environmental setup refers to describing the urban habitat. To provide an evidence-based
analysis, the descriptions and analyses presented in the chapter are based on relevant literatures,

maps, and secondary data available for the site.

2.2. Location of the Study

The area chosen for this study is the coastal city of Port-Bouét, a town located southeast of the
district of Abidjan. It is a peninsula, stretching for nearly 22 kilometres of coast, between the
Atlantic Ocean and the lagoon of Ebrié. More precisely, it is situated between the latitudes
5.245°N - 5.280°N and the longitudes 3.955°W — 4.020°W and covers a total surface area of
111 km? (about 12.3% of the Abidjan urban area). The terrain is relatively flat (low-laying)
with depressions in some places, particularly because of its sandy soil (Coulibaly et al., 2004).
Port-Bouét is a densely populated area that has a long history of coastal development. It is
composed of dozens of neighbourhoods among which seven (7) namely Vridi, Petit-Bassam,
Sogefiha, Derriere-Wharf, Adjouffou, Jean-Folly and Gonzagueville, are directly on the edge
of the ocean. In the current configuration, Port-Bouet displays a very contrasting urban

landscape, which interweaves key infrastructures such as airport, port, military base, industrial
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zone., formal residential estates with pockets of precarious settlements. According to UN-
Habitat (2012), the city can be divided into three (3) main sections (see figure 2-1):

e A western section, west to the Vridi canal (sector of Vridi-Ako), extends over nearly 5
km of coastline. It is occupied by plantations and bush, and houses;

e A central section that located in front of a small marine bay: the Port-Bouét Bay (see
figure 2-1). Stretching over 5.5 km, its seafront is occupied by the neighbourhoods of
Vridi, Petit-Bassam and Sogefiha. This urban land of Port-Bouét comprises some of the
facilities of the Port of Abidjan, the industrial zone, businesses, real estate transactions,
pockets of precarious housing and local facilities;

e An eastern section, wider, is occupied by the Airport, the French military camp, and a
large concentration of precarious habitats. Natural areas such as bushes and agricultural
lands can also be found in this section of the city. A demolition operation carried out in
2014, made it possible to relocate populations and occupations from the seaside of this

eastern Port-Bouét to prevent damages from coastal flood and erosion.

The whole city of Port-Bouét is very exposed to coastal flood hazard (IMDC, 2017; Tiemele
et al., 2020; World Bank, 2019). The city is part of the top 20 world’s cities ranked in s of
population exposed to coastal flooding by 2070 and exhibiting current exposure (Nicholls et
al., 2007). It has suffered several coastal flood events in the past among which the most recently
documented are those of August 2007, August 2011 and May 2014 (Konan, 2012; Konan et
al., 2016; Sadia, 2014; Tiemele et al., 2020; Yao et al., 2018). In term of damages, the event
of August 2007 destroyed dozens of houses were destroyed. In August 2011, three consecutive
days of ESLs were observed, which caused the destruction of hundreds of dwellings and left
more than a thousand families without shelters (Sadia, 2014). The event of August 2011, for
example, generated by high waves exceeding 3 meters generated, caused significant physical
damages and displaced about thousand families (Sadia, 2014). This event is still present in the
memory of residents. The central section of the city, however, appears to be the most vulnerable
to coastal flooding in views of the high density of housing and economic activities very close
to the sea, but also the morpho-hydrodynamic specificities that prevail in this area (see chapter
3). Along this sector, the sandy dunes that normally serve as natural defence to the sea, are
almost entirely occupied by infrastructures and dwellings. The many attempts to protect this
portion of the coast with blocks of rock ended in failure, because of poor planification. Riverine
communities are living in fear of being affected by the coming events of flooding.
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Figure 0-1: Map of the Study Area: (a) Cote d’Ivoire context; (b) the entire city of Port-Bouét; (c) The
sector of the Port-Bouét Bay with its coastline subdivided according to the three neighbourhoods
situated along: Vridi (in blue), petit-Bassam (in green) and Sogefiha (in yellow). This subdivision is for
study purpose and does not follow administrative limits. Background outlines in (b) and (c) are from
Esri Topographic and standard OpenStreetMap standard respectively

To summarise, Port-Bouét is a vibrant city with diverse socio-economic stakes in a densely
populated geographic area. It has had many past coastal flood incidents and has potential for
much serious future events. The central section of the city (the sector of the Port-Bouét Bay),
apparently more vulnerable, will capture our attention in answering the research questions
elaborated within the framework of this project. This particular area covers about 11.5 km? and
lies between the Ebrié lagoon and the Atlantic Ocean with a width varying between 0.2 and 5

km.

2.3. Physical Characteristics

2.3.1. Geology

The Port-Bouét Bay belong to the emerged portion (onshore) of the Ivorian sedimentary basin
which represents 2.4% of the country’s surface area versus 97.6% for the Precambrian bedrock.

This onshore sedimentary basin stretches 360 km from Fresco to the Cote d’Ivoire-Ghana
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border, occupying about 3/5 of the country’s coastline. A larger part of the overall sedimentary
basin extends at sea and forms the offshore sedimentary basin. Considering both onshore and
offshore, the Ivorian sedimentary basin gives a total coverage of 30,000 km? while the onshore
section alone is a little less than 8,000 km? (Koffi, 2017).

The Cote d’Ivoire sedimentary basin developed as a 'mega-pull apart’ basin. It is characterized
by a wide and deep rhomb-shaped depression. This depression is bordered on its sides by two
subparallel overlapping strike-slip faults: the Saint-Paul fracture zone to the west and the
Romanche fracture zone to the east. At its ends, the basin is defined by a west—east trending
normal fault, also known as the 'lagoon rift' or 'Lagoon fault' (see Figure 2-2). The formation
of this basin is associated with the opening of the equatorial Atlantic at the transform Céte
d’Ivoire-Ghana Margin, during the lower cretaceous (145MAto 112 Ma) ((Mascle et al., 1997).
This geological setting influences the basin's morphology and sedimentary fill, shaping the

coastal landscape and susceptibility to flooding.

The "lagoon rift" divides the onshore basin into two parts with different sedimentary fill (see
figure 2-3). As described in Wozazek & Krawinkel ( 2002), the characteristics of these zones
are as follows:
e The zone north to the “lagoon rift”, about 5000 Km?, represent an East-West coastal
band of 20 to 30 km wide. It is characterized by deposits of about 200 to 300 m thick.
This zone meets the sea west of the city of Grand-Lahou where plateaus and coastal
plains are observed. Sediment of this zone are tertiary formations (mainly from Mio-
Pliocene), deposited in various marginal marine environments.
e The zone south of the “lagoon rift” where the Port-Bouét Bay is situated, is smaller
(about 3000km?) and characterized by very thick deposition (more than 5000 m). This
zone mainly consists of turbiditic sediments deposited in an open marine environment

during the quaternary period.
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Figure 0-2: Location of the Céte d’Ivoire sedimentary basin: A- the African context; B- Regional (west-
African) geological framework; C- Geological map of southern Céte d’Ivoire and offshore bathymetry
and structural (from Wozazek & Krawinkel(2002).

As for the offshore basin, it extends along the entire length of the littoral from the shoreline to
the deep water. The morphology of the offshore basin is quite regular except in front of the
Port-Bouét Bay, where a large submarine canyon known as “Trou sans fond” notches it deeply.
This canyon begins at the coast and ends 220 km away, at a depth of 5000 m in the Abyssal
plain of the gulf of Guinea (Martin, 1974). The canyon influences sediment transport, coastal
erosion, and the dynamics of offshore processes, potentially exacerbating coastal flood risk in

the bay area.
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2.3.2. Geomorphology

The Port-Bouét Bay reflects a homogeneous topographic land, characterised by coastal plains.
Indeed, the entire study site is below 10 m elevation, topography varies from 0 m to 7.8 m
(JICA, 2015) which means that the area is a low elevation coastal zone (LECZ). It can also be
viewed from figure 2-4 that the highest points in the area are located near the coast, which
means that the land slopes gently decrease northward. This configuration makes the location at
risk to coastal flood hazard in a sense that if a breaching of the coastal dunes by rough sea
would have to happen, a large part of this area would face flooding. It should also be noted that
there are some parts of this land, which are lower than the surrounding water, because they

have been reclaimed from the lagoon.

The coast here is the steepest on the Ivorian shoreline. The beach slopes can vary a lot
depending on the season, but they usually range from 5% to 10%. The continental shelf is very
thin in this area because of the presence of the canyon “Trou Sans Fond”. It is made up of
different slopes, with 5% to 20% of it being very steep (Koffi, 2017). The 30-m isobath is close
to the shore. It is about 200 meters away (see figure 2-5). The proximity to the shoals and the
presence of multiple secondary notches connecting the canyon to the shore make this area a

very turbulent with a strong bottom roughness (Koffi et al., 1993).
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Figure 0-5: Bathymetric map of the Port-Bouét littoral zone (Koffi et al., 1993)

2.3.3. Sedimentology

The soil within the Port-Bouét Bay is composed of quaternary leaked sands. Depending on the
season, the depth of the groundwater table may vary from 0 to 6 m (Lamothe & Rognon, 1975).
Along the coast, quaternary to recent sands is observed. The coastal dynamic agents generate
granulometric variations of surface sediments ranging from coarse sand (0.5 — 1.0 mm) to very
coarse sand (1.0 — 2.0 mm). This range of grain size testifies to the reflective character of this

portion of the Ivorian coastline. The study of N’guessan et al. (2018) revealed a gradual

CHAPTER 2 37




decrease in the sediment grain size from West to East within the study area. It also showed a
slight decrease in the grain size from the surface to the depth at all the sampling sites. These
variations can be explained by the simple facts that the energy of sediment depositions
decreases eastwards and that for each sampling site, there exist different deposition
environments. Generally, on reflective coast, there is a positive correlation between the wave
energy and grain size, meaning that the more the wave energy is, the coarser the grain size will
be and vice versa (Komar, 1998; Prodger et al., 2016). This correlation highlights the
importance of wave dynamics in shaping coastal sedimentology and vulnerability to flooding.
A five-years beach morphology monitoring by Saimon, Konan, et al. (2019) has shown that
sediment sizes during low wave energy period (October-April) are coarser than those of the
high wave energy period (May-July). This contrast could find explanations through other
factors, more probably the intertidal beach face slope which also influence the grain size
distribution on the beach (Mcfall, 2019)

The sediment transport within the area follows the main direction of the country’s littoral drift
i.e., from West to East. The average volume of sands transported per year is estimated to be
around 400,000 m3 (Tastet, 1987), underscoring the magnitude of coastal dynamics in the area.
There is a general tendency for erosion in the zone. According to N’guessan et al. (2017), the
average rate of the shoreline retreat varies between 0.2 and 1.5 m/year. Although the sediment
balance is in favour of coastal erosion, it should be noted that for each sector of this coast, there
is an alternation between the erosive and accretive phases, which indicates a natural self-
balance of beach sedimentation (Saimon, N’Doufou, et al., 2019), and that significantly

contribute in slowing the speed of the coastline retreat in the area.

2.3.4. Drainage

The Port-Bouét Bay is 87% surrounded by water to the south there is the Atlantic Ocean, to the
north the Ebrié lagoon and to the west, the Vridi canal which serves as a junction between these
two bodies of water. The lagoon water body to the north of the study site is also a bay (the
Biétri Bay), which means that this selected area is sandwiched between two bays: a lagoon bay
to the north and an ocean bay to the south. This geographical positioning exposes it to
significant coastal flood risk. Water movements around the study site are therefore governed
by both the tidal cycle and the hydrology of the rivers that flow into the Ebrié lagoon. Thus, at
high tide during the dry seasons (period of low river discharge), significant inflow of marine

CHAPTER 2 38




water is observed in the lagoon, while at low tide during the wet seasons (period of high river
discharge), the fresh waters pour considerably into the sea.

Freshwater inflows into the Ebrié lagoon are ensured by three main rivers: the Comoé (to the
East of the city of Grand-Bassam), the Mé (Northeast of Bingerville) and the Agneby (to the
East of Dabou). The largest freshwater inputs into the lagoon comes from the Comoé river.
The average monthly discharges from the Comoé river is estimated to be varying between the
maximum of 467.4 m®/s in wet season (September -October) and a minimum of 1.3 m%/s in dry
season (January - March) (Fekete et al., 2002). The annual volume of freshwater brought by
the Comoé, Mé and Agneby are 7.1x10° m3, 1.5x10° m®and 0.9x10° m® respectively (Durand
& Guiral, 1994).

The seasonal variations in both salt- and freshwater inputs strongly influence the
physicochemical properties of the lagoon water, which vary in time and space. For example,
during the rainy seasons and wet river periods, the salinity of the Biétri bay drops considerably
(< 10 g.I'Y), whereas during the dry river seasons, it exceeds 25 g.I"t due to the predominance
of ocean influence (Amani et al., 2019; Arfi & Guiral, 1994).

2.3.5. Climate

The climate of the Port-Bouét Bay reflects that which prevails over the whole district of
Abidjan. It is basically a sub-tropical, hot and humid climate. The area experiences four seasons
including two dry seasons and two rainy seasons. The distinction between the seasons is based
on the average monthly rainfall (Abé, 2005). From figure 2-6, we can see that Avril to July
brings heavy rains (long rainy season) while shorter rains occur during October and November.
The influx of water during these rainy seasons, combined with the potential for high tides, can
elevate the risk of flooding along the coast and low-lying areas. Shorter dry season occurs
during August to September October and the main dry season occurring from December to

Mars. January and June are the month with the lowest and highest average rainfall respectively.

Temperatures in the study area are comprised between a minimum of 22.19°C and a maximum
of 32.29°C. The highest temperatures are observed in March while the lowest occurs during
the month of August. In terms of annual variability, figure 2-6 shows two major trends
throughout the year, from March to August, the average temperature decreases gradually from
the maximum to the minimum while from August to November it increases from the minimum
to the value of 27.51°C. Such temperature fluctuations throughout the year can influence sea

levels and storm intensity, both of which are critical factors in coastal flooding.
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Figure 0-6: Monthly climatology of minimum, Mean & maximum temperature and precipitation from
1991 to 2020 in the Abidjan District (Data source: World Bank Group, 2021)

Regarding the historical evolution of the aforementioned climatic variables, the plottings
obtained from datasets collected from the World Bank Group Climate Change Knowledge
Portal (World Bank Group, 2021), make it possible to have an idea. In fact, these plottings
illustrate the decadal trends of temperature and rainfall for each month through color
representation. Historical temperature plottings clearly show a warming trend from 1991 to
2020. Most recent monthly mean temperatures are above the three-decade average trend (see
figure 2-7). However, for precitations, it is much more difficult to discern a systematic trend
over time. But as we can see from figure 2-8, in recent times (2011-2020), precipitations are
increasingly getting higher during the rainy in comparison to those measured during previous
decades. This trend suggests a higher likelihood of flooding in low-lying areas, including the

coastal region of Port-Bouet Bay.
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Figure 0-7: Variability and Trends of mean temperature across seasonal cycle from 1991 to 2020 in

the Abidjan District (Data source: World Bank Group, 2021)
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Figure 0-8: Variability and Trends of precipitation across seasonal cycle from 1991 to 2020 in the
Abidjan District (Data source: World Bank Group, 2021)

2.3.6. Metocean Conditions

2.3.6.1. Tides and sea level change

In the Port-Bouét Bay like the entire lvorian coastline, the tide is semi-diurnal with diurnal
inequalities, meaning that there are two unequal tidal cycles (two different high tides or two
different low tides) approximatively each day. The tidal range recently measured at the port of

Abidjan is estimated to be varying between 1.2 m during spring tide and 0.5 m during neap tide
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(Samassy, 2019). The coastline of the Port-Bouét Bay is thus microtidal (tidal range < 2 m).
The interaction between the astronomical tide, precipitation and rivers discharges creates
periodic variations in extreme water levels on both the lagoon and sea sides around the study
area. In this regard, Samassy (2019) found that the highest water level on the sea side are
observed in March and April. Whereas, in the Vridi canal and the Ebrié lagoon, the highest
water level can be seen in October-November. The collection of tide gauge data over a
sufficiently long period is very crucial for estimating and projecting the average trends of sea
level evolution at this site. Samassy (2019), using tidal data from about 30 years (see figure 2-
9), calculated the sea level change for the periods of February-March- Avril (period where
precipitation and river discharges have very less effects on tide) and found an average sea level
rise of 2.89 mm/year. This rate serves as a warning sign for potential exacerbation of coastal
flood risk in the future. For projections of future sea level change in the area, IPCC (2021)

provides relevant insights (see chapter 4).
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Figure 0-9: Water level measurements from 1983 to 2016at the Quai-Nord station of the Port of Abidjan

2.3.6.2. Wave and wind climate

The wave climate along the Ivoirian coastline is characterized by long-crested waves or swells
(Roelvink et al., 2013). Off the coast of Port-Bouét, swells are generated in the deep-sea area
under strong wind speed and reach the coast predominantly from the South, Southwest (SSW)
direction as shown in figure 2-10 (Briére et al., 2015; Yao et al., 2018). On seabed greater than
20 m, the amplitudes of the swells vary between 0.5 and 2.5 m with period (T) between 7 and
20 s. However, the maximum annual significant wave height (Hs) is estimated as 3.3 m and

could reach 4.2 m in a decadal assessment (Quelennec, 1984). These long-crested waves, with
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varying amplitudes and periods, play a significant role in shaping nearshore conditions and
influencing coastal processes. The swell climate presents a seasonal variation. According to
Tastet (1985) the heaviest swells (H; = 1.8 — 2mand T = 10 — 20s) occur mainly in the
months of May and June while the lowest (H = 0.8 —1.0mand T =7 — 11s) appear in
November and December. The other periods of the years are characterised by moderate
swell (H=0.8—-18mand T = 10s). The mean wave direction at Port-Bouét Bay is
approximately 200 degrees, which differs slightly from the surrounding areas, where it is about
186 degrees (refer to figures 2-10 and 2-11). West of the study area, the mean wave direction
aligns with that of deep-sea wave direction. However, on the eastern side, near Grand-Bassam,

it is estimated to be around 190 degrees (see figure 2-11).
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Figure 0-10: Wave rose off the coast of Port-Bouét precisely at the location 4.5 N -3.75 E for the period
1979-2014 (Briére et al., 2015). The average Hs is 1.51m for a main direction of 186 degrees
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Figure 0-11: Variations in coastal wave direction from Western Port-Bouét to the Eastern side of
Grand-Bassam. The wave direction at Port-Bouét Bay appears slightly higher than the surrounding
area (Briére et al., 2015).

As swell waves approach the shoreline, the shallower seabed affect the waves and makes them
to break i.e., they become steeper as they begin to slow down under the effect of bottom
friction. This generally start occurring where water depth is equal to half the deep-water
wavelength and contributes to coastal inundation and erosion. So, within the nearshore zone
(area between the offshore limit and the shoreline) swell waves are described with the terms

29 <6

“Wave runup”, “wave set-up” and “wave swash” that have already been discussed in chapter
1. Very little is known about local coastal wave conditions, probably due to the difficulty of
measurements in the nearshore zone (high turbulence). However, the application of recent

innovative techniques of data collection like the video imagery could be very beneficial.

It should also be noted that the influence of climate change on the local swell climate is also
poorly known. Nevertheless, from the global assessment of (Hemer et al., 2013; Mentaschi et
al., 2017), it appear evident that climate change will make extreme swell to be more frequent
and intense with significant implications for coastal flood risk, as more frequent and intense

waves can amplify the impacts of storm surges and exacerbate coastal flood and erosion.

The local winds blow from the South-Western directions (Austral Trade winds) with an average
velocity of 4.06 m. s for a mean direction of 208 degrees (Briére et al., 2015). As winds reach
inland from the sea, they get weaker (Arfi & Guiral, 1994). Within the study area, the wind
strength and direction are seasonal. The strongest trade winds occur in August with an average

speed of 5 m.s? and a main direction of 205 degrees. The lowest winds, with an average
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velocity of 3.2 m. s1 blowing from 190 degrees, are observed in December (Briere et al.,
2015). The period from December to February is much dominated by Boreal winds also called
“Harmattan”, which is a dry air mass coming from the Northeast direction. In recent time, this
type of winds blows only for few days over this coastal area. A direction/ speed wind rose using
1979-2014 data is presented in the figure 2-12. Note that the seasonal variations in wind
strength and direction, coinciding with changes in wave climate, could further complicate the

assessment of coastal flood risk. This would necessitate comprehensive modelling approaches.
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Figure 0-12: Wind Rose at the location 4.5 N; -3.75 E for the period 1979-2014. The average wind
speed is 4.06 m. s m for a main direction of 208 degrees (Briére et al., 2015).

2.3.6.3. Storm surges Conditions

Storm surges are produced by storm wind forces pushing the ocean water to the shore. They
can be very high in some locations of the globe and can cause many damages. Understanding
their occurrence and magnitude is essential for assessing coastal flood risk and implementing
appropriate mitigation measures. Within our study area, storm surges levels are relatively very
low (they generally do not exceed 0.5 m). Their frequencies vary between 3 - 13% depending
on the seasons. They mostly occur they occur from October to March and during the heavy
rains season (June - July). Samassy (2019) identified the ten majors storm surge events in

Abidjan from 1979 to 2015. Among these, the highest storm surge event with an amplitude of
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0.46 m was observed on 09 August 1979. And the lowest of the ten was observed on 25
February 1999 with an amplitude of about 0.3 m.

Note that although storm surge and swell are both meteorological in origin, their occurrence
do not always coincide. This distinction is critical for accurately modelling and predicting
coastal inundation events, as each phenomenon presents unique challenges and impacts on

coastal areas.

2.3.6.4. Currents

Current patterns around Port-Bouét are generated in several ways. On the seaside, surface water
currents are largely dominated by the so-called “Guinea Current” which moves predominantly
from West to East. This surface current carries warm waters towards the coasts at a variable
speed (>60 cm/s (Lemasson & Rebert, 1973)), the highest of which is during the warm seasons.
At about 40 m depth on the continental shelf, there is a counter-current "the lvorian under-
current” (Lemasson & Rebert, 1968, 1973), oriented towards the west with very low speeds (<
10 cm/s).

In the lagoon, currents patterns may be generated from tides, rivers discharges and by wind
action. But the primary type of currents in the lagoon is the tidal current. They are produced by
tide water entering and leaving the Ebrié lagoon. However, in some parts of the lagoon where
tides have limited effects, the wind can play the major role in the circulation. The measurements
taken by (Sogreah, 2000) at water surface in the lagoon showed great variability in both time
and space. The maximal current speed may reach 2 m/s in the Vridi canal (Durand & Guiral,
1994), highlighting the potential for rapid water movement, which can exacerbate coastal

flooding and erosion in vulnerable areas of the Port-Bouét Bay.

2.4. Socioeconomic Characteristics

2.4.1. Demography

According to the General Census of Population and Housing of 2021 (INS, 2021), the whole
city of Port-Bouét has a population of 618,795 inhabitants including 48% of woman and 52%
of men. With this population, Port-Bouét is the fourth most populated municipality within the
district of Abidjan. There are approximately 146,903 households in the city with an average
household size of 4.2 persons per household. The annual population growth rate estimated over

the period from 2014 to 2021 is around 5.3%, a rate higher than the national and district
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averages of 3.48% and 2.79% respectively. This growth rate results from two factors that are
specific to the lvorian national context: (i) strong natural growth and (ii) a largely positive
migratory balance (BNETD, 2018). The native populations of Port-Bouét are the Ebriés (also
called the Atchans). But the city is characterized by a cosmopolitan population made up of
Ivorians and non-lvorians. In general, the population is subject to the general political and
administrative organization consecrated by the state power. Alongside this socio-political
organization of modern type, there is a traditional organization based on the ethnic affiliation
or the geographical origin of the populations. Generally, the social organization of native

people differs from that of allochthonous and allogeneic communities.

Looking at the city’s population density, which is of 84 /ha, the population of the selected study
area, may be estimated at about 96,600 people. The concentration of populations in this
relatively small coastal area increase exposure to flood hazards and can exacerbate the impacts

of inundation on infrastructure, livelihoods, and public health.

2.4.2. Economic Activities

Because of its location, the Port-Bouét Bay is an economically strategic zone. There are several
important economic infrastructures within the area. These include the industrial zone of Vridi,
which is the largest in the country, the southern sector of the port of Abidjan (figure 2-13a),
the Ivorian refining company (figure 2-13b), the slaughterhouse (the main deserving all the
District of Abidjan), the lighthouse and the international road leading to the country’s border
with Ghana.

(a) (b)
Figure 0-13: Pictures of the industrial area east of the Vridi canal (a) and the Ivorian refining company
(b) located in Vridi, both are located within the study zone

Economic activities occupy a larger part of this land and are distributed into the following
sectors of activity (BNETD, 2018; ONU-Habitat, 2011).
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e Primary sector: there is little agricultural activity in the region. Nevertheless, there are
some few farms and fishing activities. Only 6% of the City’s workload is dedicated to
this type of activity.

e Secondary sector: this sector provides 20% of employment in the whole Port-Bouét.
Occupations include raw material processing industries (coffee, cocoa, Hevea, etc.), oil
and gas industries, dairy and beverage industries, construction industries and textile
industries.

e Tertiary sector: it creates more jobs than the two previous sectors. The sector employs
approximately 74% of the city’s workers. Here, the three most productive sub-sectors
are wholesale and retail trade (30.3%), social services (9.85%) and transport and
telecommunications services (9.47%).

Besides these above-mentioned sectors, several other services can be found within the selected
area. They include various banking institutions, petrol service stations. The presence of these
important economic infrastructures underscores the economic importance of the area.
However, these infrastructures are also vulnerable to coastal flooding, which can disrupt

operations, damage facilities, and disrupt supply chains, leading to significant economic losses.

2.5. Environmental Characteristics

Due to its high level of urbanization and the presence of numerous industries as well as the
port, the Port-Bouét Bay is subject to many environmental challenges, leading to various types
of pollution. These pollutions may concern water bodies, the living environment and air quality
(Adingra & Kouassi, 2011)

e Pollution of water bodies

The lagoon bay to the north of the study site (Bay of Biétri) is subject to heavy pollution due
to the unceasing discharges of wastewater (without or with very little pre-treatment) and solid
waste into the lagoon by industries and populations. This pollution is even more accentuated
as the Bay of Biétri has a low rate of renewal, partly due to the low supply of fresh and marine
water in this part of the Ebrié lagoon. The study of Amani et al. (2019) revealed a high content
of suspended matters (52 mg/l), which is directly linked to the discharge of wastewaters into
the bay. This heavy pollution of the Bay of Biétri, not only poses significant ecological risks
but also contributes to coastal erosion. Pollution from wastewater discharge and solid waste

deposition can degrade shoreline habitats and accelerate coastal erosion processes. Weakening
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coastal ecosystems through pollution increases the susceptibility of coastal areas to flooding

and inundation, further exacerbating the impacts of extreme weather events.

In the marine domain, environmental problems arise from the invasion by aquatic plant waste
and plastic waste, which generally washes up, on the beach (see figure 2-14). This waste is of
continental origin. They therefore reach the marine domain by passing through the Vridi
channel. However, we note that some of this waste can come from the open sea (deliberate or
accidental dumping by ships). To these problems already listed, we can add the accidental
spillage of hydrocarbons due to maritime transport and the operations of tankers in the port of
Abidjan. In addition, the pollution from chemical pesticides used in plantations within the

Abidjan district and that can reach the water bodies through runoff.

Figure 0-14: discharge of plastic and organic wastes by the sea on the beach of the Port-Bouét Bay
(Photo credit: K.M.D.P. KOUAKOU on the 2022-02-04)

The impacts of this water bodies pollution can be ecological with losses of shoreline habitats,
bottom degradation, fragmentation of plastics and ingestion by marine fauna. Impacts can also

be on economic activities that are based on the attractiveness of the sandy beaches:
e Degradation of the living environment

The dwellings located alongside the lagoon and the coastline are mostly precarious. The major
problem for households of this area is then about sanitation, which is mainly of the autonomous
type (disposal of wastes on the ground and by septic tank). According to Coulibaly et al. (2004),
in precarious households of Port-Bouét, 73-99% of domestic wastewater is dumped on the
ground (figure 2-15) against 1-22% in septic tanks. In addition, the difficulty of accessing these
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precarious settlements makes it difficult to collect solid wastes, which leads residents to throw
garbage in lagoons, on the beach or in landfills within the living environment. This situation
exposes populations to certain diseases such as malaria, diarrhoea and typhoid fever. In such
conditions if a climatic disaster would have to occur, the consequences will not only be of a

security and economic nature, but also of a health nature.

o
. =

Figure 0-15: Picture showing dumping of domestic wastes and wastewater (shown by the red arrow)
on the ground (Photo credit: K.M.D.P. KOUAKOU on the 2022-02-05)

e Air pollution (including noise nuisances) from industries

Data on air pollution in the study area are limited. However, measurements carried out by
Bahino (2018) in the district of Abidjan indicate a relatively good overall air quality. But, in
the vicinity of the sources of pollution (Traffic and industry / Dump), measurements can
sometimes exceed the quality thresholds for certain pollutants (e.g., NO2, H2S and Particulate
deposits). Therefore, in the Port-Bouét Bay, the coexistence between dwellings (precarious and
residential) with industries of all types exposes populations at times to issues related to air
pollution (smoke, dust, odours, etc.). The noises emitted by the factories are also sources of

discomfort for the local population.

Facing with all these environmental challenges, local authorities are involved in certain actions
aiming at reducing pollution and nuisances. These particularly include the pre-collection and
transportation of waste to consolidation stations; the construction and management of a waste
composting centre; the maintenance of gutters and public green spaces; the fighting against
insalubrity, pollution and nuisances. To these, must be added the spontaneous aids from non-
profit organisation and associations in cleaning the beaches and sensitizing the residents.
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However, noteworthy that much remains to be done to considerably reduce the pollution rate
in this area and enhance the resilience of coastal communities to environmental hazards,
including flooding. Integrating environmental considerations into coastal flood risk
management strategies, such as green infrastructure development, ecosystem restoration, and
community-based adaptation initiatives, can help build resilience and promote sustainable

coastal development.

2.6. Coastal Management

Along the Ivorian coastline, critical connections exist among physical, socio-economic, and

environmental aspects. The Cote d'lvoire aims for integrated and sustainable management of

its coastal zone to ensure coastline integrity, safety, and combat the negative trend of coastal

hazards exacerbated by climate change. To achieve this, strategic plans have been developed:

e The White Paper on the Ivorian Coast (2004) outlines a coastal management strategy

focusing on land use issues, pollution, institutional frameworks, and public education.
However, it lacks adequate measures for addressing climate change challenges.

e The National Environmental Policy (2011) which serves as a comprehensive reference

for environmental matters, proposing approaches for environmental protection,

including the coastal environment. Though it does not directly tackle coastal hazards

issues, it offers valuable insights.

To translate these policies into action, legislative laws are necessary. The Law concerning the
development, protection, and integrated management of the Ivorian coastline, adopted in 2017,
aims to sustainably manage coastal areas, establishing principles for resource use. Numerous
stakeholders, including government ministries, territorial collectivities, civil society
organizations, and the private sector, are involved in coastal zone management. However,

challenges such as overlapping responsibilities and inadequate coordination persist.

According to the Local Agenda 21 of the Rio de Janeiro Convention 1992, the Ministry in
charge of the Environment is responsible for coastal management (PNGEC, 2015). However,
cooperation with other ministries is required, highlighting the need for better coordination.
Despite efforts, there is no comprehensive strategy for managing coastal flood risk along the

Ivorian coastline.

Nevertheless, specific plans exist, such as the Plan for combating lagoon pollution
(POLLUMAR), a draft program for integrated coastal zone management under the National
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Environmental Action Plan (NEAP), and a pilot case study of a coastal resilience program in
Grand-Lahou as part of the WACA-ResIP (West Africa Coastal Area Resilience Investment
Program). These initiatives not only highlight the ongoing commitment to coastal management
and resilience-building efforts but also underscore the importance of establishing legal
frameworks and ensuring effective coordination and implementation across various

governmental bodies and stakeholders.

In the case of the Port-Bouét Bay, the absence of a coastal development master plan, the lack
of an integrated coastal zone management program and limited financial resources hinder

effective implementation.

2.7. Conclusion

The characterization of the Port-Bouét Bay has allowed to know that it is situated is on the
Ivorian sedimentary basin which is made up of quaternary sands and endowed with a relatively
low topography. The area also has a sub-equatorial climate composed of four seasons and with
temperatures not exceeding 32.5°C. The metocean context is dominated by swells. As for the
microtidal tide, it greatly influences the lagoon dynamics. Nevertheless, the temporal evolution
of certain climatic parameters in the area, in particular the precipitation, temperature, storm
surges and swells, more or less show the effects of climate change.

The analysis of the socio-economic context has shown that the study site is an area of very high
economic importance, being characterized by a cosmopolitan population and hosting almost
all sectors of economic activity. However, the Port-Bouét Bay is confronted with pollution
issues with more or less significant impacts on population health and development of the area.
These would exacerbate the impacts of flooding events along this particular coastal area. The
implementation of integrated coastal zone management, which could help address the issues
more effectively, is hindered by several limitations.
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QUANTIFYING CHANGES IN EXTREME SEA LEVELS
(ESLS)

Most contents of this chapter have been published in the article:

Kouakou, M., Bonou, F., Gnandi, K., Djagoua, E., Idrissou, M., & Abunkudugu, A. (2023).
Determination of Current and Future Extreme Sea Levels at the Local Scale in Port-Bouét
Bay (Coéte d’Ivoire). Journal of Marine Science and Engineering, 11(4), 756. https://
doi.org/10.3390/jmse11040756



3.1. Introduction

Climate change induced by the global rising temperatures generates two majors consequences
on the coastal environment (Howard & Palmer, 2019). They include the mean sea level rise
(Milne et al, 2009; Church et al 2013) and the strengthening of meteorological storms (Marcos
et al., 2019). Both processes significantly contributed to increasing the frequency and the
intensity of extreme sea level (ESL) occurrences over the last decades in many parts of the
globe (Vousdoukas et al., 2017; Weisse et al., 2014; Wong et al., 2022). Extreme sea level
indicates the episodic high elevation of the coastal sea during storms. As such, it results from
the compounding effects of the different ocean dynamic factors which are storm tide
(astronomical tide + storm surge), ocean wave and regional relative sea-level rise (Walsh et al.,
2012; Kirezci et al., 2020; Watson, 2022). In general, when at least one among these
contributing factors is at an uncommonly high level, the resulting total coastal water level can
exceed a certain threshold (Percival 2016), leading to devastating impacts, especially along the

densely urbanized coastal areas.

Extreme sea level events are historically rare, but highly variable in both time and space. In
other words, ESLs differ from place to place and two consecutive events in a given place may
not probably have the same characteristics. Already, a couple of global studies have already
investigated on the issue of ESL changes. For example, Vousdoukas et al. (2017) and Almar
et al. (2021) found that changes in future ESLs will be noticeable even with limited variations
in mean sea level. Tebaldi et al., (2021), showed that the present-day once-a-century ESL will
probably become an annual event by 2100 in many locations on the planet. For Frederikse et
al. (2020), changes in ESLs are likely to come sooner than the end of the century. Nevertheless,
Serafin et al. (2019) recommends smaller scale studies to enable site-specific adaptation and
planning to tackle the possible impacts.

Coastal floodings are almost consistently associated with ESLs (Butler et al., 2007). So, more
frequent and intense ESLs would probably mean an increase in the number and the severity of
coastal flood events. Knowledge on ESL changes, then, would constitute a crucial basis for
assessing coastal flood risk trend for any given coastal zone. However, as ESLs are made up
from different variables, their determination requires not only information on the magnitude of
individual ESL’s component but also an understanding of the probability of their joint

occurrence. Though this may appear simple in theory, there may be some practical challenges
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related to the data unavailability (especially in a data scared country like Cote d’Ivoire) and/or
the complexity of combination of methods which may limit the determination of ESLs and
therefore the comprehension of coastal flood risk. In such condition, appropriate techniques
and tools to overcome the challenges must be applied all along the process of determining
extremes. This is what we will try to consider in this part of the work which has the objective
of quantifying the changes in ESL under climate change at the different neighbourhoods along
the Port-Bouét Bay. The aim here is to develop robust ESL scenarios that can help in coastal
flood risk assessment for sustainable and effective coastal management and future planning.
The chapter is structured as follows: firstly, the data and methodology to estimate individual
ESL’s components as well as their combination is presented; secondly, the spatial and temporal
distribution of ESL elevations is analysed for the selected study area; finally, discussion and
perspectives are made regarding the outcomes of the analysis.

3.2. Data and Methodology

3.2.1. Approach overview

In this study, we define extreme sea level (ESL) as the sum of storm tide (ST), the wave runup
(R2%) and sea-level rise (SLR) as shown in Equation 3-1 with all estimation based on the local
MSL datum.

ESL = ST + Ryo, + SLR (Equation 3-1)

At any given time, these three components can be combined to calculate the extreme
elevation(s) that the sea may reach. However, due to their different time-scale variations,
accurate evaluations of contributions from parameters such as storm tide and wave runup can
be made better for the present time. Therefore, assuming that the present SLR is negligible, we

define the present-day and the future ESLs as expressed in equation 3-2 and 3-3, respectively.

ESLpresent—day = ST + Ry, (Equation 3-2)
ESLyture = ESLpresent-aay + SLR (Equation 3-3)

Solving these equations is equivalent to determining each element that composes them.
However, the process is not straightforward because extreme sea level (ESL) events are rare
and can only be accurately understood by observing sea level over a long period of time
(Roberts et al., 2020). In other words, the calculation of ESL requires historical sea level data

that is both long and of high quality. For accurate ESL calculations, historical sea level data
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should ideally be measured at a reference point (datum), sampled at hourly intervals, and free
of any data gaps. Meeting these criteria is generally challenging, particularly for developing
coastal countries that may lack the necessary resources and equipment. To overcome the lack
of quality data, techniques have been developed to calculate extremes from shorter records
(Thompson et al. 2009). Other techniques involve reconstructing historical sea level time series
to increase the necessary data length and/or to fill any gaps. The latter techniques have the
advantage of enabling efficient extreme analysis and thus provide accurate estimates. In this
study, we opted to reconstruct sea level records over the past 40 years for both storm tide and
wave runup using various modelling methods. Figure 3-1 provides an overview of the
methodological approach. Below, we provide detailed explanations of the modelling process,

statistical methods, and data used.

Data Collection
& Ps & N N

Bathymetry Tide Wind & Pressure Offshore wave Beach Slopes

f_ Hydrodynamic Modelling t— Stockdon et al. (2006)

Consistent Storm -Tide data (ST) Wave Run-up (R2%)

J J

Extreme Value Analysis (EVA)

~L \

Extr. likelihood of Storm tide Extr. likelihood of wave run-up

I |
v

Joint combination of Extr. (ST+R2%)

Present-day ESLs

Sea Level Rise (SLR) T

Future ESLs

Figure 0-1: Methodological Approach. “Extr.” stands for Extreme; “ST” for Storm Tide and the
acronym “ESLs” denotes Extreme Sea Levels

3.2.2. Data

To perform this study, some data were necessary. They fall into two categories. On one side,
the metocean data, which include offshore wave, wind, atmospheric pressure, tide gauge data
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and sea level rise projections. On the other side, the morphological data that include beach

profiles and bathymetry data.

For the Port-Bouét Bay, water level data are available through the tide gauge stations of the
Port of Abidjan. We collected the 33 years (from 1983 to 2016) of available measurements at
the former tidal station “Quai-Nord” located on latitude 5° 18.230'N and longitude 4° 1.570'W.
This hourly dataset was mostly digitized from archived records and has undergone extensive
quality check as part of the study of Samassy (2019), and has been made available for use in
this study. Even though, the collected dataset has acceptable overall length, it is limited to the
port domain and contain several gaps ranging from a minimum of a single hour to a maximum
of 2.6 years of consecutive missing values. The total gaps represent about 46% of the overall
length, making the dataset failing to meet the quality requirements for a direct use in an extreme
value analysis. Alternatively, it was used as a base dataset for storm-tide modeling.

Offshore wave, wind and atmospheric pressure data were all obtained from the ERA5 global
reanalysis database (Hersbach et al., 2018). In Céte d’Ivoire, there is a huge lack of in-Situ
ocean climate data. In such situation, the ERAS5 reanalysis data, with their acceptable
performance in several regions of the globe (Bruno et al., 2020; Foli et al., 2021), constitute a
good alternative for providing an overview of the offshore condition and overcoming the lack
of in situ measurement. For the analysis, we extracted 40-years (1981 — 2020) of historical
hourly data for each of pre-cited process. The wave data include the significant height, period
and direction of the wave. The collected wind data are the zonal and meridional components

of the surface wind field.

The information on sea-level-rise for Port-Bouét was obtained from the 6" IPCC AR6 Sea-
Level Projection Tool (Fox-Kemper et al., 2021; Garner et al., in prep., 2021), which provides
estimates of future sea-level changes relative to a baseline of 1995-2014 at the regional level.
In their latest sea level projections, the IPCC recommends the use of the Shared Socioeconomic
Pathways (SSPs) scenarios, which encompass a wider range of greenhouse gas and CO:
emissions than previous scenarios (Arias et al., 2021). The core set of five SSP scenarios is
designed from combinations of processes for which projections can be made with medium
confidence, while two additional low-confidence scenarios account for deeply uncertain
processes, resulting in seven SSP scenarios. For this study, we focus on three medium-
confidence scenarios, namely SSP1-2.6, SSP2-4.5, and SSP5-8.5, which correspond to low,

intermediate, and very high greenhouse gas and CO2 emissions, respectively. Figure 3-2
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illustrates the SLR projections for these three SSP scenarios at the coordinate point (4°0.000'N;
4°0.000'W) off the coast of Port-Bouét
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Figure 0-2: Sea level rise projections for SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios at the coordinate
point (4° 0.000'N; 4° 0.000'W) off the coast of Port-Bouét. Plain lines show the 50th percentile ranges
(median range) and the shaded areas indicate the 17th — 83rd percentiles ranges (interpreted by
projections’ authors as the likely ranges). Data Source: NASA Sea Level Projection Tool.

The morphological data used in this study included bathymetry and beach profiles, which were
collected from a variety of secondary sources. Bathymetry data for the areas of interest and
surrounding regions were obtained from multiple sources, including the General Bathymetric
Chart of the Oceans (GEBCO) at 15 arc-second intervals (GEBCO Company Group, 2021), a
lagoon bathymetry survey by Shore Monitoring and research (2014), and a 2019 bathymetric
survey conducted by the port of Abidjan. Historical beach profiles from previous studies of
Konan (2012), Saimon (2017), Koffi (2017) and Touré et al. (2018), covering the period from
2007 to 2016, were also used to provide information on beach slope variations across the study
area. It should be noted that although other morphological factors, such as vertical land
movements, could significantly influence ESLs in certain regions (Ballu et al., 2011,
Woappelmann & Marcos, 2016), this study did not take these factors into account directly. This
was mainly because of the limited information available on past uplift or subsidence in the
study area. However, projections for future land motion have been accounted for in sea-level
rise projections, with an estimated subsidence of about 5 mm by 2100 and were considered as

such in this assessment.
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3.2.3. Methods

3.2.3.1. Storm tide modelling

Hydrodynamic modelling of storm tide allows spatial extrapolation of water level from the
tide-gauge locations (generally sheltered areas) to other surrounding areas, e.g., the open
coasts. It also helps in filling small to large gaps in the water level records. In this work, storm
tide simulations were undertaken using the D-Flow Flexible Mesh software developed by
Deltares. This tool solves the depth-averaged shallow water equations. Detailed information
on the model formulation can be found in in Deltares (2015a). The model domain includes the
marine environment and the entire Ebrié lagoon system, both being connected through the
Vridi canal (see figure 3-3). This was necessary to account for the interactions between the sea
and the lagoon system, which could somehow influence water levels in the area of interest. The
computational grid was updated from the one of Briére et al. (2015). It is an unstructured grid
made up of curvilinear and triangular meshes. The mesh resolution gradually increases as we
move towards the study area and the port domain where the tidal station is located.
Orthogonality and smoothness are two important grid properties for model accuracy. They
respectively denote perpendicularity between flow links and net links and the ratio of
neighbouring grid cell dimensions. The grid is in good agreement with the orthogonality and
smoothness thresholds defined in the modelling guidelines Deltares (2015b) and therefore
satisfies the grid quality requirements. The depth schematization of the computational grids

has been carried out by interpolating the different sets of bathymetric data described earlier.
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Figure 0-3: Model domain: (a) shows the computational grid built to set up the hydrodynamic model
and (b) displays the Bathymetry of the Port-Bouét Bay and its surrounding areas.

The model was forced with tidal and meteorological forcing conditions. The tidal forcing at
offshores boundaries as water levels were generated using ten astronomical constituents (M2,
S2,N2,K2,K1, 01, P1, Q1 and M4) obtained from the DTU10 global ocean tide model (Cheng
& Andersen, 2009). The meteorological forcing, composed of hourly data of near-surface wind
and atmospheric pressure, were uniformly inputted over the model domain. The model
calibration and validation were performed through comparisons against the water level
measurements collected at the tidal station “Quai Nord” of the Port of Abidjan. The calibration
process involved parameter changes to achieve the best possible match between the model and
observation. For the present study, model calibration mainly focused on the uniform bottom
roughness parameter represented by manning’s coefficient (n). As suggested by Briére et al.
(2015), a range between n = 0.015 s/m1/3 and n = 0.030 s/m1/3 was first preselected. This
range actually reflects the complexity of the area, characterized by a deep sea and shallow

lagoon connected together by a relatively narrow channel (the Vridi canal). Then a series of
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sensitivity runs were carried out to find the best uniform roughness value. Calibration results
showed that the best possible agreement between modelled and observed storm tides is attained

when the Manning coefficient (n) is equal to 0.029 s/m1/3.

The validation plot is presented in figure 3-4, in which the modelled and observed storm tide
levels at the tide-gauge station are compared for the period of 10 December 2014 to 2 January
2015. A critical look at figure 3-4 shows that both the modelled and observed storm tides are
in phase, but there is a minimal difference between the amplitudes. However, the calculated
model performance through the Nash—Sutcliffe efficiency (NSE) coefficient (Nash & Sutcliffe,
1970) was estimated as 0.79, which is between 0.75 <NSE < 1.00. This indicates a “very good”
model performance in simulating the storm-tide conditions for the study areas. Following this
validation process, the storm-tide model was computed from 1981 to 2020 (plus an additional
one-month “December 1980 for spin-up time) at the different locations within the research
area. For each of the selected neighbourhood, two to three observation points were set in the
model, and their outputs were averaged to get the corresponding storm-tide time series that will

be used in the extreme value analysis.
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Figure 0-4: Comparison between modelled and observed water level (storm tide) for the period of
December 10, 2014 to January 2, 2015 at the tide gauge station “Quai-Nord” of the Port of Abidjan

3.2.3.2. Wave runup calculation

Several different models exist to determine the wave runup, each with its derivation
methodology and intended use (FEMA, 2018; Melby et al., 2012; Shand et al., 2011). For this

calculation, the empirical model of Stockdon et al. (2006) will be used. It was developed using
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field measurements collected from several sandy beach conditions (Serafin et al., 2017; Z. Xu
et al., 2017). We therefore expect this model to be appropriate for the sandy coast of Port-
Bouét. The model’s formulation is presented as Equation 3-4, in which Rz representing runup
2% exceedance elevation, is parameterized as a function of deep-water significant wave height

(Hy), wave length (L), and the foreshore beach slope ().

Raos = 1.1(0.35 tan fy (HoLo)® + 0.5[HoLo(0.563 tanf? + 0.0004)]"* )
(Equation 3-4)

The wavelength (L,) is calculated using wave period via the relationship in Equation 3-5.

Ly = 975 (Equation 3-5)

2T

The beach slope parameter ¢ in this study is defined according to Ruggiero et al. (2004) and
Stockdon et al. (2006), as the linear average slope over the beach face which is the region of
observed runup +20, where ¢ is the standard deviation of the existing water-level record.
By was derived from historical beach profiles surveyed in several points across the study area.
Slopes were first calculated for individual profiles, then averaged for each survey points. The
representative beach slopes of each neighborhood (see Table 3-1) were obtained by averaging

the slopes of surveyed points along each neighborhood.

Table 3-1: representative representation beach slopes (pf) calculated from historical beach profiles

Location Vridi Petit-Bassam Sogefiha
Representative pf 0.134 0.159 0.139

Equation 3-4 was used to reconstruct historical wave runup time series of the same length as
the extracted offshore wave climate, i.e., 40 years of hourly wave runup data. However, the
validation of these estimations is crucial before their use in the various analyses. Checking the
validity of runup estimates in a wave data scare location like in this study area is not easy work.
Here, the calculated wave runup was simply compared to the observed runup elevation derived
from satellite imagery. The runup boundaries can be seen on satellite images as the demarcation
lines between the wet and dry beaches (Figure 3-5). Wet beaches generally appear darker in
color than dry beaches on satellite images.

CHAPTER 3 62




4.000°W 3.999°W 3.998°W

Figure 0-5: Map showing boundary line of runup (in red) on a satellite image (from Google Earth)
acquired on August 1st, 2019 in Vridi

The demarcation lines have been digitized in order to extract their average altitude from the
available topographical data. This obtained average altitude actually constitutes the observed
total sea level. So, the prevailing storm tide value was removed from it to get the observed
wave runup that was then compared to the calculated wave runup for the date of acquisition of
the satellite image. Two statistical parameters namely root mean square error (RMSE) and
scatter index (SI), were used to assess the performance of the applied empirical model at each
neighborhood (Table 3-2). They both evaluate the goodness of fit between observation and
model. Low values (closer to zero (0)) of the RMSE and Sl denotes a better model performance.
From Table 3-2, it can be seen that all the RMSE and Sl values are all less than 0.5, indicating
an acceptable performance and therefore the validity of the wave runup estimates.

Table 3-2: Statistical error parameters obtained from comparison between observed and calculated
sea levels.

Location Vridi Petit-Bassam Sogefiha
RMSE 0.376 0.479 0.279
Scatter Index (SI) 0.231 0.201 0.182
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3.2.3.3. Extreme Value Analysis (EVA)

Extreme Value Analysis (EVA) is generally used to determine the magnitude (height) and the
return period of large and unusual events e.g., extreme storm-tide and wave. Here, the return
period’ describes the likelihood of occurrence and more particularly the average recurrence
interval of extreme events. It actually indicates the duration of time (in years) corresponding to
the chance that an extreme event of a given magnitude will be reached or exceeded once in any

one year.

The EVA theory is typically based on extrapolation of past sea level records. Two main
statistical methods emerge from the literature when it comes to carrying out an EVA. They are
the annual block maxima (BM) and the peaks-over-threshold (POT) methods, which are,
applied using respectively the generalized extreme value distribution (GEVD) and the
generalized pareto distribution (GPD) models (Pan et al., 2022). However, each of these
methods has a specific data requirement i.e., the choice of which method to use depends on the
characteristics of the available data (e.g., sampling frequency, erroneous/missing values and
length). In general, the methods that make use of more of the available data are more accurate
than those that use less data, which are in contrast easier to apply (Coles, 2001). For this case,
looking at the 40-years of reconstructed hourly sea level, we find efficient to apply the
generalized pareto distribution fitted to the peaks-over-threshold (GPD-POT) method.
Equation 3-6, where ¢ and ¢ are respectively the scale and shape parameters of the distribution

and u is the reference threshold, gives the GPD function.
B =1-(1+&)™¢ (Equation 3-6)

The GPD-POT method is designed to calculate the likelihood of exceeding a pre-defined
threshold (u). In this approach, it is assumed that the sea levels above the threshold in the time-
series have a Poisson distribution and are independent and identically distributed from the GPD
(Caires, 2011; Cariellas et al., 2007; Roscoe et al., 2010). The method involves the following
steps:

e Defining a high threshold,;

e Extracting the exceedances time-series i.e., selection of all values above the defined

threshold,;
e Definition of clusters of exceedances based on the maximum storm duration (in hours).

This separates the meteorological conditions that create extremes. Here we took 72
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hours for the wave parameter and 25 hours for storm tide as respectively recommended
by Hawkes (2005) and Watson (2022).
e Declustering: this step consists of selecting the peak value within each cluster. It
ensures the independency of excesses over the defined threshold, justifying the use of
GPD model.
e Finally, the calculation of return level: values that is exceeded in any given year.
The determination of a return level Z,,, associated with an m-year return period using the GPD-

POT method is given by equation 3-7 in which 4, is the rate of the Poisson process.

u+Z{a,m ¢ -1, for&#0
Z ={ g ((um) ¢ (Equation 3-7)

u+ oln(4,m), foré =0

For this work, the whole process of EVA including the threshold selection was carried out
using the software ORCA (metOcean data tRansformation, Classification and Analysis),
developed by Deltares (Caires & Bos, 2009). This MATLAB-based tool is composed of four
main modules, with each of the modules covering a specific aspect of the metocean data
analysis. To perform the analysis, two of these modules were particularly useful: the “data
validation” module to inspect and structure the datasets and the “extreme conditions” module

to apply the GPD-POT method on the data.

3.2.3.4. Joint Probability Analysis (JPM)

Joint probability refers to the chance of two or more separate processes occurring together that
their combination may lead to a critical event (Hawkes, 2005; Petroliagkis et al., 2016). This
simply means that the probability of an ESL event is related to the combined probability of
occurrence of all the components involved in that event, e.g., extreme storm tide and wave
runup in the case of present-day ESL. However, a m-year return period of storm tide will not
always occur at the same time as a m-year return period of wave runup, and if they do, so the
resulting event would certainly be different from an ESL of the m-year return period. This is
because, very often, ESL components depend on each other to a degree. The dependency
between components indicates the way they should be combined to get the total ESL event.
The JPM then utilizes the statistical dependence () between storm tide and wave conditions
to calculate the likelihood of compound ESL through the relationship given equation in 3-8
(Petroliagkis et al., 2016), in which T stands for the return period and x values being between
O0and 1.
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(Equation 3-8)

TESLpresent—day

_ \/TST X Tray,
%

However, the determination of the dependency factor (y) can be an exhausting process, which
needs special statistical tools in some cases. For simplicity in this work, we assumed
independence between the storm tide and wave runup (i.e., y = 0), then their joint return period

would be the product of individual return period as given by equation 3-9.

= Tsr X Trao (Equation 3-9)

TESLpresent—day

Using Equation 3-9, the joint return period of various storm tide and wave runup combinations
were calculated. For the resultant joint return level, the individual return levels were

summed (ST + Ryq;).

3.2.4. ESL’s scenarios design

As the present work objective is to determine the present and future ESLs and knowing that
ESL is governed by different dynamic factors, it is necessary to define scenarios that depict
each case that can be faced. Scenarios are also very important for further exposure and risk
assessment. ESL scenarios within the framework of this study are established as follows:

e For the present-day ESLs, six scenarios are defined based on the probability of
occurrence of extreme events. These correspond to the best-fit return values for each of
the 1, 5, 10, 25, 50- and 100-year return periods.

e For future ESLs, scenarios are designed by combining the present-day ESLs scenarios
with the SLR scenarios. Therefore, the present-day ESL return levels are combined with
three medium confidence SLR scenarios (precisely SSP1-2.6, SSP2-4.5 and SSP5-8.5)
for the years 2030, 2050 and 2100. This combination follows equation 3-3 as defined

in the approach overview section.

3.3. Results

3.3.1. Extreme Storm tide and Wave Runup

Applying the GPD-POT method to the modelled time series of storm tide and wave runup helps
produce extreme return levels for different return periods. Figure 3-6 and 3-7 show the return
value plots from the order of 1 to 100-years return period for each of the selected

neighborhoods.
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Figure 3-6 displays the return periods and values of an extreme storm tide. The analysis of
these results indicates that storm tide hardly varies from one neighborhood to the other. The 1-
year to 100-year return levels at Petit-Bassam and Sogefiha are similar, while those of Vridi
differs from the two others by only 2 cm. For each location, as the return periods increase, the
best-fit lines converge to the asymptotic values of 0.695 m (Vridi) and 0.716 m (Petit-Bassam
and Sogefiha). The differences between the 1-year and the 100-year return levels are, therefore,
all very small (1 cm). These slight variations in the extreme storm tide magnitudes could be
explained firstly by the proximity of the selected neighborhoods and secondly by the fact that
the meteorological variable in the storm tide (i.e., storm surge) does not have a significant
influence on the total storm tide level. The storm surge contributes about 15% while the tide
component is approximately 85%, making extreme storm tide events occur during high spring
tide. This is particularly understandable given that the study area is recognized as a storm-free
(Almar et al., 2019) and micro-tidal environment (Robin et al., 2004; B. Touré et al., 2012b).

Figure 3-7 presents the EVA results for the wave runup component. It shows that, unlike the
storm tide, wave runup variations between locations are well noticeable. The return values of
extreme wave runup obtained for Petit-Bassam are 35 to 70 cm higher than those of Vridi and
Sogefiha. The difference between the two later neighborhoods is estimated to be around 9-10
cm. The absolute differences between the 1-year and 100-year return levels at each location are
0.97 m for Vridi and Sogefiha, and 1.11 m for Petit-Bassam. These variations in the extreme
wave runup conditions are mainly due to the heterogeneity of beach morphological features

observed on this coast (M. Touré et al., 2018)
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Figure 0-6: Return value plots of the GPD-POT model fitted to Storm Tide data and the associated 95%
confidence intervals at Vridi (A), Petit-Bassam (B) and Sogefiha (C). The blue asterisks represent the
storm tide levels over the calculated thresholds (extreme values); the plain blue lines are the best-fit
distribution to the extreme values; the dashed blue lines show the 95% confidence limits of the fit; and
the red horizontal lines are the asymptote lines to the best-fit curves.
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Figure 0-7: Return value plot of the GPD-POT model fitted to Wave Runup data and associated 95%
confidence intervals at Vridi (A), Petit-Bassam (B) and Sogefiha (C). The blue asterisks represent the
wave runup levels over the calculated thresholds (extreme values); the plain blue lines are the best-fit
distribution to the extreme values; the dashed blue lines show the 95% confidence limits of the fit.
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From both figure 3-6 and 3-7, it is clear that the wave runup contributes more to the total ESL
as compared to the storm tide levels. For example, at Vridi, the 100-year return level of wave
runup is estimated as 3.69m against 0.69m for the storm tide (figure 3-6a and 3-7a).
Additionally, it can be seen that over the past 40-years, storm tide was quite stable in term of
temporal variability, whereas extreme wave runup underwent both seasonal and inter-annual

variations.

The maximum runup heights occurred during the meteorological event of September 3™ and
4™ 2016. At this particular event, the calculated runup gave 3.61m, 4.19m and 3.72m
respectively for Vridi, Petit-Bassam and Sogefiha. About 37 occurrences of extreme wave
runup > 1-year return level were identified within the Port-Bouét Bay from 1981 to 2020.
Among these; six were > 10-year and three were > 25-year return level. The seasonal
distribution of these extreme wave events (figure 3-8) shows that extreme runup > 1-year return
levels occur from April to November and are mostly frequent during the month of August.
During the assessment, no extreme wave runup > 1-year return level was observed in January

and December.
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Figure 0-8: Seasonal distribution of occurrences of extreme wave runup higher than 1-year, 10-year
and 25-year return levels over the period 1981-2020

Number of extreme wave run-up events

In terms of the inter-annual distribution of extreme wave runup occurrences, it has been that
there has been an intensification of extreme wave conditions in Port-Bouét Bay. Both the
magnitude and the number of wave runup occurrences have increased in these recent decades.
As an illustration of this, Figure 3-9 displays the clustering of peaks exceeding the 1-year and

10-year return levels in the neighborhood of Sogefiha. The 1-year and 10-year return levels
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correspond to 2.81 m and 3.35 m, respectively, as shown in Figure 3-7b. It can be observed in
Figure 3-9 that approximately 75% of the extreme runup events > 1-year return level and 83%

of those > 10-year return levels occurred during the past two decades.
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Figure 0-9: Inter-annual distribution of occurrences of extreme wave runup > I1-year return level (a)
and > 10-year return level (b) over the period 1981-2020 at Sogefiha. The red asterisks are the
clustering peak exceedances, while the green dots represent the other exceedances within each cluster
of 72 hours. “RL” stands for Return Level.

3.3.2. Present-day ESLs

This section presents the outcome of the joint probability analysis. To get the present-day ESLSs,
extreme wave runup was combined with extreme storm tide, assuming independence between
them. Multiple combinations of these two components could be envisaged for the same ESL
joint return period. For example, under the assumption of component independence, a 100-year
joint return period of ESL can be obtained from the following combinations of individual return
periods: 100 years and 1 years, 50 years and 2 years, 20 years and 5 years, 10 years and 10
years, with each combination having the same chance of occurring. However, only the worst-
case results (the combinations that offer the maximum joint return values) are significant to the
present study. They are provided with their 95% confidence intervals (in brackets) in Table 3-
3. These maximum joint return values all correspond to the combination of the highest
contribution of wave runup with the smallest contribution of Storm tide in each case. The
current ESLs > 4 m are reached from the joint return periods of 12 years, 2 years and 8 years,
respectively, in Vridi, Petit-Bassam and Sogefiha. Given the local topographic conditions,
these ESL >4 m, are susceptible to cause flooding in some areas of the coast. It is important to
mention that the minimal fluctuations in storm tide imply that the changes in present-day ESLs
between the different neighborhoods are similar to the results obtained from the analysis of

extreme wave runup.
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Table 3-3: Present-day Extreme Sea Levels (ESLs) deduced from the Joint Probability Method

Joint Return Period

Joint Return Levels (in meter)

Vridi Petit-Bassam Sogefiha
1-year 340[3.34-3.46] 3.86[3.78-392] 3.51[3.44—3.56]
5- year 3.78[3.65-3.91] 4.30[4.15-4.44]  3.90 [3.76 — 4.02]

10- year 3.93[3.74—-4.12]  4.47[427-470]  4.05[3.87 — 4.25]
25- year 412[3.84-443] 468[439-507] 4.23[3.97 - 4.57]
50- year 425[3.89-4.68] 4.83[445-536]  4.36[4.02 - 4.83]
100- year 4.37[3.94-4.96] 497[451-566] 448[4.08-5.09]

3.3.3. Future ESLs

The future ESLs were calculated by adding the projected regional sea level rise (SLR) to the
present-day ESLs as stated in the approach overview. The use of this regional SLR projection
did not allow the differentiation of SLR at the local scale for Vridi, Petit-Bassam and Sogefiha.
The results for the 100-year return level are displayed in figure 3-10.

Additional outcomes regarding other future ESL return levels are provided in Annex A. All
these projections illustrate how ESLs will be impacted by climate change in the future. The
results show that the ESL elevations will increase in the future as the climate keeps changing.
The average future ESL increase will be 0.11 m in the next decade. This increase could reach
0.22 t0 0.26 m by 2050. By the end of the century, it is predicted that the future ESL elevations
will be different from those of 2020 by 0.49, 0.62 and 0.84 m on average, respectively, under
SSP1-2.6, SSP2-4.5 and SSP5-8.5 scenarios. The end-century 100-year ESL at Vridi, Petit-
Bassam and Sogefiha under the high emissions scenario would be 5.21 m, 5.81 m and 5.32 m,
respectively.

While it is interesting to demonstrate the impact of SLR on future ESL elevations, relying
solely on such data for coastal management and planning without considering the potential
changes in ESL frequencies could be limiting. Therefore, we analyzed changes over time and
under SSPs in the current 100-year return period, as illustrated in Figure 3-11. This figure
shows that in Port-Bouét Bay, the current 100-year return period will decrease in all

neighborhoods.
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Figure 0-10: Future of the present-day 100-year return level under different SLR Scenarios at Vridi
(A), Petit-Bassam (B) and Sogefiha (C). Red horizontal lines represent the present-day 100-year return
level (2020). The vertical error bars represent the 17th - 83rd percentiles (likely range) for the years
2030, 2050 and 2100.

Over the next decade, today’s 100-year ESLs will have return periods ranging from 52 to 63
years. This could decrease to between 24 and 37 years, i.e., more than doubling the current
frequency by mid-century. By 2100, the current once-a-century ESLs in Port-Bouét Bay will
occur nearly every 2 years under SSP5-8.5, and between 8 to 12 years under SSP1-2.6 and 5
to 7 years under SSP2-4.5. The neighborhood of Vridi is likely to be the most vulnerable in
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terms of future ESL frequency, followed by Sogefiha and Petit-Bassam in that order. This
analysis allows understanding that even minor, short-term changes in SLR could significantly
affect ESL frequencies. By the end of the century, ESLs that are currently infrequent in Port-
Bouét Bay will become relatively common, regardless of the climate change scenario.
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Figure 0-11: Evolution of the return period for the current 100-year return level over time under the
different climate change scenarios for each neighborhood in Port-Bouét Bay.

3.4. Discussion

This study used a step-by-step methodological approach that includes different modelling
techniques and statistical methods to assess the spatial and temporal evolution of extreme sea
levels (ESLs) along the coastline of Port-Bouét Bay. The findings demonstrate that present-
day ESLs are already high and will worsen in frequency and intensity due to the impacts of
climate change in the future. This implies a greater likelihood of increasing coastal hazards in
the area. The ESL scenarios generated by this study provide crucial data for evaluating the

exposure and risks associated with coastal flooding and devising strategies for adaptation.

The current research represents an initial attempt to study local-scale ESLs along the Ivorian

coastline. Compared to previous global-scale studies by Vousdoukas et al. (2018b) and Kirezci

et al. (2020), our findings estimate much greater ESLs. The main difference in the
CHAPTER 3 74




determination of ESLs between these studies is the wave contribution, which was accounted
for through the wave setup parameter in the above-mentioned studies, and is about 2.5 times
smaller than the wave runup on reflective coasts (Roberts et al., 2020). This study’s estimates
of extreme storm tide elevation are in agreement with those of the global-scaled study by (Muis
et al., 2016), with present-day extreme storm tide being between 0.5 and 1 m along the coast
of Port-Bouét. However, unlike the global-scale approach, the adopted local-scale approach
enables the examination of spatial variations in ESLs within the bay, with a resolution of
approximately 2 km.

In the West African context, similar studies by Cisse et al. (2022a, 2022b) in Dakar and Saint
Louis in Senegal have shown minimal contributions of storm surge components to total ESLs.
This weak storm surge contribution to ESLs is due to easterly winds carrying storms away from
land (Almar et al., 2019), which makes Atlantic tropical storms rarely make landfalls in this
region of the globe. Instead, offshore meteorological conditions usually generate a strong swell
climate (Almar et al., 2019; Prevosto et al., 2013), whose contributions to ESL and devastating
impacts have been extensively highlighted in several studies across the region (e.g., Cisse et
al., 2022; Cissé et al., 2022; Dahunsi et al., 2022; Osinowo & Popoola, 2021). Our study also
highlights an increase in ESL frequencies in Port-Bouét Bay, which is consistent with global-
scale findings (Tebaldi et al., 2021; Vitousek et al., 2017), but provides greater insight into the
local variability for better adaptation.

In general, the accuracy of results in ESL studies may depend on data choices and assumptions
in the methodology, which need to be discussed to raise uncertainties and/or find directions for
further research. In this work, data choices and assumptions are mainly related to the selection
of the dataset length for extreme value analysis (EVA), the determination of the representative
beach slopes, and assumptions of independence between ESL components.

e Selection of dataset length
Indeed, the choice of the length of the dataset to be considered in the EVA is decisive for the
consistency of results. In general, analyses conducted using datasets that are too short yield less
accurate return level estimates than those using longer datasets. However, there is no practical
standard for the exact length of data to be used. According to Roberts et al. (2020),, using at
least ten years of data could provide a reliable basis for estimating up to 100-year return values
via the GPD-POT method. Arns et al. (2013) are more in favour of using 30 years of data for
estimating 100-year return values. Nevertheless, based on his data length sensitivity analysis,
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Watson (2022) recommended the use of a much longer dataset if available, arguing that a longer
dataset is more likely to contain key information on the major extreme events that have affected
the study area, thus allowing for more optimal estimates. In light of the above, the 40 years of
modelled datasets used in this work can be considered sufficient for the range of estimations
performed, although it is expected that accuracy will improve as more quality in situ

measurements become available.

e Determination of representative beach slopes
In this study, it was observed that ESLs (Extreme Sea Levels) are very sensitive to beach
morphology (beach slope). The fact of considering the beach face for the determination of the
slopes, as suggested by Ruggiero et al. (2004) and Stockdon et al. (2006), allows for obtaining
relatively high slopes that were stable and realistic for extreme conditions. Additionally, the
use of historical cross-shore beach profiles helped to account for the seasonal variations of
slopes. However, the irregularity of the collected profiles and their availability over a relatively
short period could have an impact on the selection of representative slopes and, thus, on the
quality of the estimates. It would therefore be necessary to have regular follow-ups of the

morphology of the beaches in Port-Bouét.

e Independence between ESL components
This work considers two assumptions of independence between ESL components. The first
assumption is the independence between SLR and present-day ESL parameters, meaning that
the current ESL components will be kept constant in the future. The second assumption is the
independence between storm tide and wave runup, i.e., the occurrence of an extreme storm tide
event will have no effect on the chance of extreme wave runup occurring (Petroliagkis et al.,
2016). While these assumptions simplify our understanding of ESL, it is crucial to note that
they are not always valid. Recent studies have shown that the predicted SLR could significantly
influence each of the parameters composing present-day ESL (Cagigal et al., 2020; Morim et
al., 2019; Pickering et al., 2017). Regarding the independence between storm tide and wave
runup, while the tide component of the storm tide is of astronomical origin and the wave is of
meteorological origin, and hence independent, it is essential to note that the storm surge
component of the storm tide may be dependent on the wave, as both are driven by the same
meteorological processes. Therefore, further studies should investigate these dependence

aspects to generate more practical ESL scenarios.
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3.5. Conclusion

The present section of the work focused on determining the evolution of extreme sea level
elevation at the three neighborhoods located along Port-Bouét Bay. The analysis is based on
validated modelled historical data from 1981 to 2020, which was built within the framework
of this study to overcome the limitations related to data scarcity in this study area. These
modelled datasets served to estimate the frequency and magnitude of present-day ESLs. The
recent IPCC projections of sea level rise were also integrated to provide future ESLs till the

end of the century.

The study results suggest that ESLs have been more intense and frequent these recent years,
making the estimated present-day ESL to be relatively high. It was also observed that the
current elevations will keep increasing in the future as the mean sea level continue to rise under
climate change effects. The analysis also permits us to understand the role played by local
coastal morphologies (beach slopes) on the spatial distribution of ESL, as demonstrated by the
steepest slopes having the largest ESL elevations and the lowest slopes having the lowest ESL

estimates.

These findings were possible by the application of two complementary statistical methods: the
Generalized Pareto Distribution fitted to the peaks-over-thresholds approach (GPD-POT) and
the joint probability method (JPM). The GPD-POT helped to estimate return values associated
with return periods of individual ESL components. The JPM were used in addition to
combining the individual likelihood of occurrences to obtain their joint return period/values.

The analysis and results presented in this study provide valuable insights into the current and
growing threat of coastal inundation resulting from the increasing magnitude of ESLs along
the neighborhoods of Port-Bouét Bay. The obtained ESL information can be useful in decision-
making, planning, and emergency response efforts related to coastal flooding and others
impacts. As such, these estimates can benefit a wide range of stakeholders, including coastal
communities, infrastructure planners, environmental organizations, and researchers. Coastal
communities can use this information to prepare for and mitigate the impacts of ESLs, while
engineers can use the data to design resilient coastal protection structures. Environmental
organizations can advocate for policies that address sea level rise, and researchers can make

informed decisions.

CHAPTER 3 77




Nevertheless, we strongly encourage comprehensive assessments of coastal risks associated
with these ESL scenarios, particularly those related to coastal inundation and proactive actions
to manage these risks in Port-Bouét Bay. Lastly, we suggest updating these projections when

more consistent and accurate in situ data become available.
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Kouakou, M., Tiémélé, J.A., Djagoua, E., Gnandi, K. (2023). Assessing potential coastal flood
exposure along the Port-Bouét Bay in Cote d'lvoire using the enhanced bathtub model.
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4.1. Introduction

Globally, it is well recognized that under climate change effects, extreme sea levels have
increased at most locations of the globe and that has led to more intense and frequent coastal
flood events these recent decades (\Vousdoukas et al., 2018a). Most researchers agree that these
observed increases are largely cause by climate-induced sea-level rise (Vitousek et al., 2017;
Wahl et al., 2017), though it's worth noting that other factors such as land subsidence (Bagheri-
Gavkosh et al., 2021) and continued socioeconomic development in coastal zones could also
play a role (Vousdoukas et al., 2018b). Unluckily, all the projections of the Intergovernmental
Panel on Climate Change (IPCC, 2021) predict continued rise in mean sea level, even with a
considerable reduction in future CO2 emissions. This shows that current flooding impacts could
become increasingly worse in the future i.e., more places, people and assets could be threatened
by the phenomenon. The situation has raised concerns about coastal flood exposure, as coastal
communities and authorities are becoming increasingly eager to know about the vulnerability

of their properties and infrastructure to coastal flood events.

As a key component of the coastal flood risk assessment, exposure estimates help providing
vital information about populations and assets, which are located within the areas at risk of
flooding or the flood prone areas. Generally, the information from exposure assessment are
important and useful to coastal communities and decision-makers as basis for plans and
interventions on preparedness, early warning, response recovery, and mitigation (HARPIS-SL,
2022). Such an assessment helps to generate ideas on the potential impacts of coastal flooding.
Exposure analysis goes with flood mapping process. Coastal flood mapping is important for

detecting the areas likely to be flooded and categorizing them for more effective analysis.

The Port-Bouét Bay is particularly exposed to the impact of coastal flood hazards (IMDC,
2017; Nicholls et al., 2007; World Bank, 2020) as a result of a growing demography, expansion
of economic activities and limited investment in coastal protection infrastructures. That
probably explains why it has suffered several damages from this hazard in the past. Despite
this fact, limited information is available on the current coastal flood exposure as testified by
the absence of coastal flood maps of past events. This lack of knowledge on local coastal flood
exposure could strongly compromised the success of local adaptation and mitigation plans. In

this part of the work, we have the objective of firstly identifying flood prone areas and secondly
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inventorying the exposed elements. The aim is to contribute at improving the understanding of

the changing risk trend of this hazard in the Port-Bouét Bay.

In this chapter, we describe the methods and data used for creating the coastal flood maps and
associated numbers over exposed elements. We show results on exposed buildings and
populations for a variety of extreme sea level scenarios. Furthermore, we show how these
results vary with time for different categories of land use. The discussion provides implications
of the results, examines the accuracy and reliability of the maps and addresses some issues for

further results improvement.

4.2. Data and Methodology

This study follows a two-step methodology that encompasses coastal flood modelling 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 4-1 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.

I Model Input Data Applied Model Model Output I Land Use Map —
I Current & Future ESL I Building Footprint __ |
Scenarios eBTM I Pata
I Enhanced Bathtub Model Current Flood Map T

DEM Raster

— Exposed elements

Water Source |
I Model validation Future Flood Maps 1
I Roughness Raster I Population

Distribution Map

e —— ]

Figure 0-1: Flow chart showing the general research methodology
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4.2.1. Coastal flood Modelling
4.2.1.1. Modelling Approach

Models can offer a comprehensive view of the flooding extends and depths at different spatial
and temporal scales. In recent decades, many models have been developed and applied for
coastal flood simulations. Two modeling approaches frequently used in the literature are the
bathtub model (BTM) and the hydrodynamic model (HDM) (T. Neumann & Ahrendt, 2013).
Each of these two types of models has its own strengths and limitations. But the choice of
which approach to be used largely depends on the intended purpose and data availability. The
BTMs are based on a hydrostatic approach in which, it is simply assumed that flooding occurs
only when the land surface elevation is below the flood water level and hydrologically
connected to the flooding source (Fereshtehpour & Karamouz, 2018; Poulter & Halpin, 2008).
They are computationally efficient and very helpful to quickly obtain the flood-prone areas for
a corresponding flood water level. Generally, BTMs use geographical information systems
(GIS) as the basic working tool (Seenath et al., 2016) and can easily be executed through raster
calculations. On the other hand, within the hydrodynamic modeling (HDM), coastal flood
simulations are performed by solving mathematical equations e.g., the 2D /3D shallow water
equations. This approach includes the dynamic aspect of the physical processes leading to
flooding. It therefore requires detailed input conditions as well as specialized software and
skills. HDMs can be complex and may 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 et al., 2011).

In this study, since the purpose of is to map coastal flood extent, the GIS-based bathtub
approach is considered to be fitting. Two methods arise from this approach: the simple bathtub
model (sBTM) and the enhanced bathtub model (eBTM), which is an improvement to the
sBTM by taking into consideration the beach slope and the surface roughness, two parameters
that play a key role in result accuracy. The eBTM will therefore serve as the framework for
conducting the various flood simulations in this work. The model was 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 & Luck-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
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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 & Luck-
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 a detailed description of
each of these crucial datasets.

4.2.1.2. Model input data
e Digital Elevation Model (DEM)

For reliable coastal flood modelling, a high-resolution DEM is crucial. 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 aboveground features (buildings and vegetation). 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 m? To obtain a continuous regular terrain elevation, this
relatively coarse dataset was later interpolated to fill the 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 modelling, it is important to recognize the data scarcity in the study area,
compelling us to optimize the available DEM resources. Figure 4-2 provides a visual

representation of the obtained Digital Terrain Model (DTM).
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Figure 0-2: 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 8m, with the majority
of high-elevated locations located along the coastline. The vertical datum is the Abidjan Mean Sea
Level.

e 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 4-3) was generated with the same resolution
as the input DTM. As illustrated in figure 4-3, rough areas are prominently located along the

coastline.
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Figure 0-3: 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 O 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.

e \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 & Lick-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).
e Flood water Level scenarios

To assess which land areas would be flooded during a coastal flood event, flood water level
must be specified in the model. In this research project, several scenarios were considered.
These scenarios were estimated from extreme sea level (ESL) conditions, which result from

the combined effects of tide, storm surge, wave runup and the projected relative sea level rise
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(SLR). ESLs were retrieved from the published work of Kouakou et al. (2023) in which values
are provided by neighborhood for three climate change scenarios based on SSPs (see Table 4-
1). The present-day ESLs were based on statistical 100-year joint return values of storm tide
(tide + storm surge) and wave runup. Future ESLs were predicted by integrating the present-
day ESLs with the recent SLR projections based on shared socioeconomic pathways (SSPs)

(see Fox-Kemper et al., 2021; Garner et al., in prep., 2021).

Table 4-1: Values of Extreme Sea Level (ESL) for different SSP scenarios used to run the eBTM model
(Kouakou et al., 2023)

YEARS

Location Scenarios Prée;elgt- 2030 2050 2100
SSP1-2.6 4481 m 4590 m 4.858 m
Vridi SSP2-4.5 4.37m 448 m 4.606 m 4.988 m
SSp5-8.5 4.485m 4.634 m 5210 m
SSP1-2.6 5,081 m 5.190 m 5.458 m
Petit-Bassam SSP2-4.5 497 m 5.080 m 5.206 m 5.588 m
SSp5-8.5 5.085m 5.588 m 5.810 m
SSP1-2.6 4591 m 4.700 m 4.968 m
Sogefiha SSP2-4.5 448 m 5.590 m 4716 m 5.098 m
SSp5-8.5 4,595 m 4.744 m 5.320 m

4.2.1.3. 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 neighborhoods 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 outputs were checked, 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 a ground survey, local residents were
asked to indicate coastal flood limits for recent years or show the locations where they had
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personally experienced flooding. The GPS coordinates of these locations were collected and
compared with the present-day modeled flood layer to determine any overlap. Twenty GPS

points were collected for events that occurred between 2014 and 2020.
4.2.2. Exposure estimation

To assess the potential impact of floods on the urbanized area of 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
& 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, 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 purpose, 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 4-1.

P; =P, x (1+R,)" (Equation 4-1)

Where Py is the future population; P, is the present population; R,, is the average annual
growth rate, and t 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 4-2, where P; and P;_; are respectively the

ending and starting population count over the five-year period.

ZPi_Pi—l
R,, = Sxpi-l/n (Equation 4-2)

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.,
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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 4-4), including open area class that corresponds to
unoccupied spaces. Noteworthy that in Figure 4-4, land-use types are assigned based on

predominant occupations.

-4.020 -4.000 —3.?80 —3.?60
1 I

5.280

5.270

5.260

T
5.250

Atlantic Ocean

T T T T
-4.020 -4.000 -3.980 -3.960

[ Informal Settlement [ Industrial [ Critical Infrastructures [l Transport
[ Residential Settlement [ Commercial [ Open Areas [ water Bodies

Figure 0-4: 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
colour coding of this land use map is consistent with 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
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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.

4.3. Results

4.3.1. 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
4-5. 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 4-6 and Table 4-2 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 4-6 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 4-2). The simulations project varying
degrees of increased flooding in the coming decades. Over the next 10 years, a projected 5-8%
of additional 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 4-6¢ 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 4-2.
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Figure 0-5: 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 0-6: Maps showing the total flood extent for present and future situation for different climate change conditions along the Port-Bouét Bay. A — the
SSP1-2.6 scenarios (low; B —the SSP2-4.5 scenario (intermediate); C — the SSP5-8.5 scenario (high). Background outlines are from OpenStreetMap standard.
The area shown for each scenario is 5.5 km x 0.45 km.
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Table 4-2: Estimates of total flooded area (in hectares) per neighbourhood and per scenario.

Years
Location Scenarios
2020 2030 2050 2100

SSP1-2.6 4.63 ha 493 ha 5.64 ha
Vridi SSP2-4.5 4.47 ha 4,57 ha 5.03 ha 6.58 ha
SSP5-8.5 4.84 ha 5.07 ha 18.62 ha
Deti SSP1-2.6 6.82 ha 8.00 ha 6.11 ha

etit- -
SSP2-4.5 6.11 ha 6.77 ha 8.00 ha 9.19 ha

Bassam -
SSP5-8.5 7.14 ha 8.23 ha 10.76 ha
SSP1-2.6 11.43 ha 11.83 ha 13.06 ha
Sogefiha SSP2-4.5 11.00 ha 11.41 ha 11.89 ha 13.87 ha
SSP5-8.5 11.47 ha 12.12 ha 15.24 ha

The information provided in Table 4-2 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.
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4.3.2. Coastal Flood Exposure
4.3.2.1. Exposed populations and Buildings

Based on the coastal flood extent discussed earlier, we have identified the population and
buildings exposed to floodwaters. Figure 4-7 shows the results for various climate change
scenarios. From figure 4-7a, 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 40.78.3 thousand under SSP1-2.6, SSP2-4.5, and SSP5-

8.5, respectively.

Figure 4-7b 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.
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Figure 0-7: 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 periods.
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The analysis of exposed elements in each neighbourhood reveals distinct spatial patterns across
scenarios (refer to figure 4-8). 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 Vridi, 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 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.
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Figure 0-8: Population and Building Exposure in Port-Bouét's Neighborhoods under Various Climate
Change Scenarios for the Present and Future 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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4.3.2.2. Land use in flooded areas

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
4-9). 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 (see Figure 4-9f), 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% t0 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%).
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Figure 0-9: 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 ¢ 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.
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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 4-10. As it 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 substantial 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.

120%

|-Vridi I Petit-Bassam [ ]Sogefiha

=
[=]
(=]
X

0
=]
X

60% 1

20% |

Contribution to Housing Expsosure

0%

1 2 3 q 5 6 7 8 9 10
Scenario

Figure 0-10: Contribution of Housing Exposure by Neighbourhood in Port-Bouét 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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4.4. Discussions

4.4.1. 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 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, those 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 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 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
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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), 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.
4.4.2. 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
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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 patterns. This uniform
disaggregation method, 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 et al. (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., 2011), 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
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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 et al. (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 (Gesch, 2009; Poulter &
Halpin, 2008). DEMs can be divided into digital terrain models (DTMs), also known as "bare-
earth” DEMSs, and digital surface models (DSMs), which capture the heights of objects on the
Earth's surface such as buildings and vegetation (Guth et al., 2021; Rogers et al., 2020). This
study makes used of DTM data. However, Williams & Luck-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 DSM, when
available and accessible, could greatly improve the present study’s results. Such data could also
assist in predicting future topographical changes (Zhang et al., 2005), which is critical for

estimating future coastal flood exposure.

4.5. Conclusions

This section of the work 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 neighbourhoods.

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
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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 disasters. Furthermore, the spatial disaggregation
of findings down to the neighbourhood scale offers the advantage of tailored risk management

and targeted interventions, thus enhancing local resilience.
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ASSESSMENT OF COASTAL FLOOD RISK IN A
CHANGING CLIMATE



5.1. Introduction

The Port-Bouét Bay has been facing an increasing threat of coastal flooding, resulting in
significant damage to infrastructure, loss of livelihood, and environmental disruption over the
past few decades (Konan et al., 2016; Sadia, 2014). With the ongoing effects of climate change,
coastal flood hazards are projected to worsen, leading to higher and more frequent extreme sea-
level (ESL) occurrences (Kouakou et al., 2023). Consequently, exposure to flooding will also
increase, with more people and assets at risk due to dense urbanization and a growing
population in the area. It is evident that future coastal flood events will have more consequences
if the issue is not addressed. Therefore, it is crucial to comprehend the risks associated with
coastal flooding and to compute them at appropriate spatial and temporal scales to devise
effective measures for reducing their impacts and ensuring their usefulness in decision-making

and planning processes.

Understanding coastal flood risk goes beyond supporting decision-makers in disaster risk
management. It also contributes to the sustainable development of coastal areas. Although risk
management is not directly included in any of the 17 Sustainable Development Goals (SDGs)
of the United Nations' 2030 Agenda for Sustainable Development. It is relevant to several
SDGs, such as human well-being (SDG-3), water management (SDG-6), resilient
infrastructure (SDG-9), climate action (SDG-13), sustainable cities and communities (SDG-
11), and sustainable use of terrestrial ecosystems (SDG-15) (Binns, 2022; United Nations,
2022). Therefore, knowledge of coastal flood risk is crucial for better community engagement,
awareness, and resilience, which are vital for sustainable flood risk management. It also offers
opportunities to combine different aspects of risk management to develop sustainable solutions
that can mitigate vulnerabilities and risks and increase human well-being in both the present

and future.

Coastal flood risk (CFR) is a complex concept, and its understanding is often challenging due
to its multifaceted, multidimensional, and temporal nature. As a result, there has been a lack of
exploration of the risk, with many studies focusing only on certain aspects of the CFR concept.
Specifically, more research has concentrated on either the natural factors (hazard) or human
factors (exposure and vulnerability) instead of integrating all factors for a more comprehensive

analysis. Moreover, most studies have focused on the current risk rather than including the
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potential risk, limiting a full understanding of the CFR. Additionally, the topic is frequently
approached subjectively, further complicating comprehension. In the Port-Bouét Bay area,
there is a limited number of studies on CFR, despite the region's vulnerability to coastal
flooding. To address these concerns, the present part of the project aims to provide a
comprehensive assessment of CFR at a local scale under both present and future climate change
conditions, filling gaps in knowledge and understanding.

The chapter consists of five sections, including this introductory section. Section 2 describes
the methodology used, while Section 3 presents the results. Section 4 contains the discussion,

and finally, the conclusions are presented in Section 5.

5.2. Methodology

The concept of risk in the context of climate change, as defined in the Intergovernmental Panel
on Climate Change (IPCC) Sixth Assessment Report (AR6), is the outcome of dynamic
interactions between climate-related hazard, exposure and vulnerability of those affected
(Reisinger et al., 2020). These three terms “Hazard — Exposure — Vulnerability” thus constitute
the risk components. According to the IPCC (2019), hazard refers to the potential occurrence
of an event or trend that may result in losses, damages and disruptions of services. Exposure is
the presence of people and their assets in areas and environments that may suffer adverse
effects. Vulnerability describes the propensity or predisposition to be negatively impacted. In
accordance with this framework, the objective of this study is to derive present and future
coastal flood risk indices from indices of risk components mentioned above calculated for the
neighbourhoods of the Port-Bouét Bay. The methodological approach is presented in figure 5-
1 and can be summarised as follows. First, the indicators for each of the risk components are
selected and validated based on an extensive review of the literature, local expert opinion and
other scientific considerations. The data for these indicators are collected, pre-processed, and
processed to obtain the component indices. These indices are aggregated to derive coastal flood
risk indices including risk trends for each neighbourhood in the study site under climate change
scenarios (SSP1-2.6, SSP2-4.5, and SSP5-8.5). Detailed information about the data and
methods used at each stage of the workflow is presented in the subsequent sections.
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Figure 0-1: The adopted workflow of the study

5.2.1. Hazard Component

In most previous studies, the term "hazard™ is used to describe the climatic and morphological
factors of coastal flood risk which may include sea level rise (SLR), coastal land elevation and
other triggers such tidal range, wave height, storm surge etc... (Ferreira et al., 2021; Hadipour
et al., 2020; Martinelli et al., 2010). However, flood characterising parameters such as flood
frequency, duration, depth, extent and velocity, could also be used to assess coastal flood
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hazard as they effectively depict the severity and likelihood of a flood event in a given location
(Dandapat & Panda, 2018; Stephens et al., 2017).

Prior works in this ongoing research project have mainly focused on characterizing the hazard.
This initially made it possible to analyse and combine the sea level components in order to
deduce the resulting extreme sea level (ESLs) values (see Chapter 3). Then, in a second step,
to use the estimated 100-year ESLs to simulate flooding situations in the Port-Bouét Bay using
a GIS-based modelling (eBTM) that additionally takes into account data such as the
topography, terrain roughness and water source (see chapter 4). Flood depth and flood extent
information were thus obtained from these simulations. So, they have been taken into
consideration as hazard indicators for coastal flood risk in this study. The choice of these
indicators is consistent with the various sources listed in Table 5-1. For each of these two
indicators, estimations are provided for the current period i.e., year 2020 (considered as the
reference scenario) and for future periods i.e., 2030, 2050 and 2100 under SSP1-2.6, SSP2-4.5
and SSP5-8.5 (see section 4.3.1 in chapter 4). All these scenarios were considered in order to
addresses high uncertainties associated with flood risk projections in the future (Muis et al.,
2015).

Table 5-1: Description of the selected hazard indicators and their impacts on coastal flood risk index

Risk Indicator Description & Justification Impact References
Component
Spatial coverage of 100-year coastal flooding
Flood A larger flood extent indicat(?s a higher
hazard level and an increased risk of damage + (Wu, 2021)
extent R
to coastal communities, infrastructure, and
ecosystems.
Hazard Maximum flood depth value reached by (Hadipour et
flooding. al., 2020;
Flood A greater flood depth indicates a higher + Paranunzio et
depth hazard level and an increased risk of damage al., 2022; H.
to properties, infrastructure, and the Xuetal.,
environment. 2022);

5.2.2. Exposure Component

To understand and evaluate the exposure to coastal flooding in Port-Bouét Bay, the inundation
layers obtained from the hazard simulations were superimposed on the spatial distribution of
the population and assets in order to obtain estimates of the different exposed elements (see
Chapter 4). In this context, the calculation of the exposure index in this study will obviously
take into account two indicators, namely the affected population and the assets. These two

indicators have already been accounted in similar works whose sources are provided in table
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5-2. As for the hazard component of the risk, data regarding exposure variables is available for
each neighbourhood and for both current and future periods. In this project, population and
buildings data were obtained from CIESIN (2018) and Sirko et al. (2021) respectively. Note
that the projected exposed population accounts for local population growth calculated over the
period 2000 — 2020. For the projection of exposed assets, we assumed the total number of
building unchanged over time. This is because of the high rate of urbanisation.

Table 5-2 Description of the selected exposure indicators and their impacts on coastal flood risk index

Risk Indicator Description & Justification Impact  References
Component
Number of individuals living within the flooded g;"”zkgl'f,t
Number areas HaL'J,er ot a’l
of affected  As this number increases, the exposure will get + 2021 B
people higher and the risk of injury, displacement and ’
loss of livelihoods increases. Neumann et
Exposure al., 2015)
Number of buildings within the flooded areas (Buchanan. et
Number . al., 2020;
As the number of affected structures rises,
of affected exposure and risk of damage and significant * Kebede &
assets P . 9 g Nicholls,
economic losses increases 2011)

5.2.3. Vulnerability Component

Vulnerability to coastal flooding can be multifaceted (Cardona et al., 2012). It encompasses
both susceptibility and coping capacity with which it is positively and negatively correlated
respectively (IPCC, 2019). As previously mentioned, vulnerability has several dimensions that
should be taken into account to obtain a complete understanding of the vulnerability. However,
given that the current study is aimed at informing policy decisions regarding coastal flood
management planning in the urbanized Port-Bouét Bay area, we will give greater priority to
analysing socio-economic vulnerability as a key dimension. Our vulnerability assessment is
based on a questionnaire survey. The design of the survey, which includes steps such as the
selection of indicators, the calculation of the sample size, the definition of the collection

method and the implementation of the field campaign are explained in detail below.

5.2.3.1. Indicators selections

The process of selecting relevant indicators for vulnerability assessment in this study involved
two steps, which followed the procedure outlined in Jhan et al. (2020) and Vandermeulen
(1998). In the first step, a broad list of indicators commonly used in coastal flood vulnerability

studies was created by searching in relevant publications using academic databases and key
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words such as coastal flood indicators, vulnerability indicators, and socio-economic indicators.
The criteria used to identify relevant literature included relevance to coastal flooding,
applicability to urban contexts, and recency (a focus on literatures within the last two decades).
This resulted in a set of 21 potential indicators that characterize the susceptibility and coping

capacity of communities related to coastal flooding.

In the second step, the suitability of the potential indicators for application in Port-Bouét Bay
was assessed since the potential indicators are associated with various external contexts that
may differ significantly from the study area. A questionnaire for a pre-test survey was built
using the potential indicators and some indicators were skipped due to difficulties in collecting
information from the population, such as “past flooding experiences”, “household income”,
“local networking”, and others. Finally, 13 vulnerability indicators were selected for this study,
which cover both the susceptibility and coping capacity sub-components and are highly related
to the coastal flood issues. Table 5-3 describes these selected vulnerability indicators and their
respective impacts on risk. The actual survey was conducted using these selected indicators. It
IS important to note that the indicators selected in this study are not exhaustive but rather
sufficient to provide a qualification of the socioeconomic situation in the study area (Moss et
al., 2001).
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Table 5-3: Description of the selected vulnerability indicators and their impacts on coastal flood risk index

Risk

Indicator
Component

Description & Justification

Impact

References

% Disabled people

Disabled residents as a percentage of all residents:

People with disabilities may have limited mobility and communication
barriers that may prevent them to evacuate quickly or understand warning
or evacuation orders in an event of coastal flood. The higher the percentage,
the higher the vulnerability

(Balica et al., 2012; Okaka &
Odhiambo, 2019)

% Long-term sick people

Residents suffering from illness
as a percentage of all residents:

As disabled people, long-term sick residents may have low mobility and may
be dependent on caregivers or medical equipment. Their safety and well-
being may heavily be impacted during coastal flooding events. The higher

the percentage, the higher the vulnerability

limiting long-term

(Garbutt et al., 2015; Okaka
& Odhiambo, 2019)

Vulnerability Elderly and child rate

Residents aged > 65 or < 10 as a percentage of all residents:

Both elderly and child residents may have limited mobility, dependence on
family members and may be susceptible to injuries, drowning and other
accidents during a flooding event. Higher rate will increase the vulnerability

(Connor & Hiroki, 2005;
Meur-ferec et al., 2020)

Proportion of female

Residents who are female as a percentage of all residents

Like elderly and disabled residents, female residents may have limited
mobility and may require assistance with evacuations or other necessary
tasks during a flood event, especially if they are pregnant or with childcare
responsibilities. The greater the proportion, the higher the vulnerability
related to coastal flooding

(Garbutt et al., 2015; Kirby et
al., 2019; Tate et al., 2021)

% Households with low
income

Low-income households may have limited financial resources and may be
less likely to have access to flood risk information or emergency
preparedness measures, which can make it more difficult to prepare for or
recover from a coastal flood event. Vulnerability increases with higher
percentage of low-income households

(Garbutt et al., 2015; Kirby et
al., 2019)
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Dependency ratio

Proportion of the population that are not working and thus dependent on
working people for support:
The higher the ratio, the greater the vulnerability.

(Karunarathne & Lee, 2020;
Rana & Routray, 2018)

Household size

Households with larger numbers of individuals may be more vulnerable to
the impacts of coastal flooding.

(Okaka & Odhiambo, 2019;
Rana & Routray, 2018)

% Households with
precarious building
condition

Buildings that are poorly maintained or constructed with inadequate
materials may be more vulnerable to the impacts of flooding.

(Mdiller et al., 2011;
Stephenson & D’Ayala,
2014)

Literacy rate

Percentage of population with higher education:

This provides insight into a community's ability to access and understand
warning and emergency information and respond to flood events effectively.
Higher literacy rate.

(Kablan et al., 2017;
Pakhtunkhwa & Nazeer,
2019)

% Households sensitized
on coastal flooding

Sensitization efforts can help educate households about the specific risks
posed by coastal flooding. The higher the household are sensitized, the lower
the vulnerability.

(Maller et al., 2011)

% Households with access
to warning system

Access to a warning system can enable to better prepare for a flooding event
and respond quickly. The higher the percentage, the lower the vulnerability.

(Balicaetal., 2012)

% Households with means
of evacuation

The more the households have proper evacuation resources (routes,
transportation, shelters, etc.), the lower the vulnerability and risk.

(Birkmann et al., 2013)

% Household taking
private flood protection
initiatives

The more the household are private taking initiatives to protect their property
(e.g., sandbags et others), the lower the vulnerability

(Mdiller et al., 2011)
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5.2.3.2. Sample Size Calculation

A sample size represents the portion of the population or household chosen for the survey. For
the survey outcomes to be sufficiently representative, the sample size needs to be wisely
determined. several approaches exist to calculate the sample size of a given population (Memon
et al., 2020; Nanjundeswaraswamy & Divakar, 2021). In this work, the sample size calculation
follows the Cochran (1977) approach for a smaller population. The choice of this approach is
also lies in the fact that the survey was planned to be taken place in the area of influence of the
coastal flood hazard that is a relatively small area (within the 500m zone from the coastline).

According to this method, the sample size should be determined using equation 5-1.
o

(ng-1)
1+—N

n= (Equation 5-1)

In which n is the sample size, n, is the Cochran’s sample size recommendation and N is the
total population size, here taken as the total number of households. The total household number
was estimated based on the total population living in this zone and the average household size
of the city which is 4.2 according to (INS, 2021). The Cochran’s sample size recommendation

is obtained through equation 5-2.

S?p(1-p)
Ng = e—z

(Equation 5-2)
In which:
e S is the level of confidence desired for the survey results. Here, 95% confidence is
considered. So, S = 1.96
e p is the estimated population or household proportion which has the attribute in
question. Here taken as 50% i.e., 0.5
e e is the margin of error for the survey results. The smaller e, the more precise the

study, so we consider e equals 5% i.e., 0.05

After completing all calculations, it was determined that the minimum sample size required
would be 357 households, which is considered sufficient for the selected area. However, to
accommodate the non-responses in the survey, a non-response rate of 10% was assumed, and

as a result, the minimum sample size was established as 392 households. This sample size was
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equally distributed to the three local units of the study, which are Vridi, Petit-Bassam and

Sogefiha.

5.2.3.3. Collection mode and Sampling method

It is a face-to-face cross-sectional survey. The selection of households to be surveyed was based
on random sampling procedure. Under this procedure, all households in a given neighbourhood
have an equal chance of being selected to participate in the survey. According to Noor et al.
(2022), this sampling technique is unbiased and increase the generalizability of the results.
Additionally, for the survey results to be reliable and valid the targeted respondent for each
randomly selected household was either the father, mother or adult child; all having been in the

area for subsequent period.

5.2.3.4. Implementation of the field Campaign

The survey took place over six days, from January 31 to February 5, 2022. Prior to the data
collection phase, a pre-survey was conducted on January 28 to allow the interviewers to test the
questionnaire and collection tools for possible adaptations or corrections. For the survey, two
teams of three people each were formed to cover the entire area. In the field, the teams worked
together and moved sector by sector. Each team consisted of two interviewers and one guide
who was actually a local resident in charge of facilitating contact with the households. The
questionnaire was administered mainly through smartphones via the Kobo Collect application,
which is a module of Kobo toolbox (https://www.kobotoolbox.org). Indeed, Kobo toolbox is

an open-source set of tools for questionnaire set-up, data collection, management and analysis
and visualization. Through this toolbox, the data collected in the field were directly submitted
to the server (with or without internet connection) at the time of collection. This technology
also offers the advantages of:

- Comprehending the questionnaire for better administration

- Supervising the data collection remotely

- Saving collected data online to limit potential losses

- Downloading all the data immediately after the data collection is completed

- Reducing data entry and cleaning efforts
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However, some printed versions of the questionnaire were available to address challenges such
as unexpected smartphone malfunctions, battery depletion issues or even respondent discomfort
related to the use of smartphones. Figure 5-2 illustrates an interview with a local resident using
printed questionnaire. Note that at the request of some respondents, the interview session was
followed by a short field visit to observe the damage caused by past coastal flooding on their
property. The major challenges during this field campaign were (i) the accessibility of
households, (ii) the unavailability of respondents due to suspicions of espionage and (iii) the
security of the teams, especially in the precarious areas of the different neighbourhoods.

Figure 0-2: Picture of an interview session in a precarious place of the neighbourhood of Sogefiha
(Photo credit: K.M.D.P. KOUAKOU on the 2022-02-05)

5.2.4. Risk assessment

The overall result of the current risk assessment is to obtain risk indices. A risk index is a
numerical value or score calculated from a set of selected indicators and used to assess the level
of risk associated with a particular hazard. Indices also help to better communicate the complex
hazard risk information to the general public (Bao et al., 2018). This section of the methodology

describes the process for calculating coastal flood risk index. This generally involves the
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standardization of indicators, the weighting and aggregation of indicators, and the aggregations

of risk components to risk.

5.2.4.1. Normalization of indicator data

Normalization is an important step in risk assessment as it allows for a consistent integration of
indicators that may be in different units, scales or magnitudes. Different approaches exist to
rescale and remove the dimensional units of indicators values (Patro & sahu, 2015; Vafaei et
al.,, 2018). In this work, the linear min-max normalization technique is considered.
Traditionally, normalized indicator, using this technique, fall between 0 and 1, where 1
represents high risk and O low risk to coastal flood hazard (Percival, 2016). However, in order
to avoid that the calculation of risk is biased by the extreme values of indicators, a new threshold
was defined during the scaling process. This adjusted method is also known as the threshold-
based min-max normalisation and is particularly suitable for enhancing scaling accuracy (Aksu
et al., 2019; Yavuz & Deveci, 2012). For the implementation of the method, all the data were
normalized between 0.1 and 0.9. To rescale to that range, the equations 5-3 and 5-4 below were
used. The use of one or the other of these equations really depends on the correlation that the
considered indicator has with the risk (see table 5-1, 5-2 and 5-3). Thus, for indicators that have
a positive correlation with risk, equation 5-3 is used while equation 5-4 is used for indicators
that are negatively correlated with the risk.

Xi—Xmin

X; =08 X + 0.1 (Equation 5-3)

max—Xmin

X; =0.8x XX’”“LX‘ + 0.1 (Equation 5-4)

max—Xmin
X; and X; are respectively the normalized value and the actual value of a given indicator in a
given neighbourhood. While, X,,,., and X,,;, respectively represent the maximum value and
the minimum value of the given indicator across all the neighbourhoods and years. The scaling
factor of 0.8 is the range between the thresholds 0.1 and 0.9.

5.2.4.2. Weighting and Aggregation of Indicators

The process of indicator weighting involves assigning varying degrees of importance to each
indicator in the analysis, based on their perceived or calculated significance. These weights can
be assigned using a variety of approaches, including expert opinion, statistical analysis or

stakeholder input (Gan et al., 2017). Nevertheless, this work considers equal weights for all
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indicators. The purpose of applying equal weights is first to initiate this risk analysis in a more
simplistic way by overcoming the limitations related to the lack of prior knowledge about the
selected indicators in the area while removing the need for subjective weighting. Second, to
balance the multiple existing competing interests to avoid misleading of end-users.

The aggregation of the indicators allows integrating indicators values to an overall value that
represents the index of the risk component (hazard, exposure and vulnerability). In this study,
the aggregation method used is the additive approach, whereby the aggregated value is obtained
by adding up the normalized values of individual indicator each of them multiplied by its
corresponding weights (Langhans et al., 2014; Machado & Ratick, 2017). However, as we
consider no variation in weight, normalized values X; of indicators, here, are simply averaged
to get the risk component index (RCI) as shown in equation 5-5.

n oy
RCI = % (Equation 5-5)

5.2.4.3. Aggregating risk components to risk

This final step of the process focusses on consolidating individual risk components into a
comprehensive risk index. In this work, building on Hadipour et al. (2020) and Paranunzio et
al. (2022) approaches, the risk index (R1) was formulated as the product of hazard [H], exposure
[E], and vulnerability [V] as indicated by equation 5-6. This formulation is in line with the
IPCC ARG risk concept. The risk component indices derived from equation 5-5 will be used as
inputs for equation 5-6 to obtain the coastal flooding risk index.
RI=HXEXV (Equation 5-6)
To assess the risk trend i.e., the temporal evolution of the coastal flood risk index across the
study area, each term of the above equation should be varied in time. However since the
vulnerability data only refer to the current situation, changes in risk in the future are only based
on changes in the exposure and hazard components as consider by Paranunzio et al. (2022).
Equation 5-6 can therefore be reformulated for future risk index as shown below (equation 5-
7) where t represents the future years for which hazard and exposure information has been
provided in accordance with the three different scenarios considered namely SSP1-2.6, SSP2-
4.5 and SSP5-8.5.
RI(t) = Hi(t) X Ex(t) XV (Equation 5-7)
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To effectively communicate the likelihood and the potential implication of indices, both the
risk component indices (RCI) and the risk indices (RI) were categorized into meaningful
number of classes, using equal interval classification. The equal interval technique involves
dividing the range of index values into sub-ranges of equal size and is particularly to highlight

the significance of an index value in comparison to the other (Osaragi, 2002)

5.3. Results

5.3.1. Hazard, Exposure and Vulnerability Levels in Port-Bouét Bay

5.3.1.1. Hazard Levels

After normalizing and aggregating the indicators, hazard indices for each neighbourhood in the
different periods were obtained. Figure 5-3 presents the spatial and temporal distribution of
hazard levels in the Port-Bouét Bay. The analysis of this distribution shows that over the
considered time period (from 2020 to 2100), the hazard level varies from very low to very high.
For the current period, the hazards at Petit-Bassam and Sogefiha are low while at Vridi it is
very low. The current hazard level at Vridi could remain until mid-century regardless of the
climate change scenario. However, at Petit-Bassam and Sogefiha, between 2020 and 2030, it
could move from low to medium and remain so until 2050. In 2100, the hazard levels display
greater variability under the climate change scenario. Under SSP1-2.6 and SSP2-4.5, the hazard
levels in Petit-Bassam and Sogefiha increase to high while that of Vridi increases to low. But,
under SSP5-8.5, all coastal flood hazard levels in the Port-Bouét Bay could be very high.

A closer look at the indices of the different factors contributing to the hazard, namely the flood
extent of flood depth, allows us to understand the variability of the hazard observed at the
different neighbourhoods. Indeed, the great variability of the hazard level in Petit-Bassam and
Sogefiha can be explained by the fact that these two neighbourhoods have maximum index
values respectively for flood depth of flood extent. The lower hazard in Vridi comes from
minimal indices in both flood extent and depth. However, the predicted extreme sea level (ESL)
at Vridi in 2100 under SSP5-8.5 could create an unprecedented flooding extent that could
explain the increase from low hazard in 2050 to very high hazard in 2100 under SSP5-8.5.
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Figure 0-3: Maps showing the spatial and temporal distribution of coastal flood hazard index in the
Port-Bouét Bay

5.3.1.2. Exposure Levels

The coastal flood exposure level in the Port-Bouét Bay is here determined based on the
normalized number of population and building found in the simulated flooded areas. It was then

classified into five categories from very low to very high, which are shown in Figure 5-4.
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Figure 0-4: Maps showing the spatial and temporal distribution of coastal flood exposure index in the
Port-Bouét Bay.

Under the reference scenario (2020), the exposure at Vridi and Petit-Bassam are very low while
the level at Sogefiha is Low. Sogefiha has a higher exposure than the two other neighbourhoods
do, as more people and buildings are located within the flooded area. This tendency would
remain the same until 2030. In the middle of the century, exposure levels at Petit-Bassam are

projected to shift from very low to low, and at Sogefiha, they are expected to transition from

CHAPTER 5 120




low to moderate (medium). Meanwhile, Vridi's exposure level is anticipated to continue being
very low. By the end of the century, the anticipated exposure levels are expected to vary
significantly across scenarios in both Vridi and Sogefiha, while for Petit-Bassam, the exposure
level would be moderate for all scenarios. In Vridi, exposure levels under SSP1-2.6 and SSP2-
4.5 are projected to be very low, while under SSP5-8.5, this level may become very high. In
Sogefiha, the exposure level under SSP1-2.6 is expected to be high and very high under
scenarios SSP2-4.5 and SSP5-8.5.

5.3.1.3. Vulnerability Levels

The aggregation of the 13 vulnerability indicators selected in this study made it possible to
obtain vulnerability indices for the neighbourhoods of Port-Bouét Bay. Since vulnerability is
very challenging to model and predict future, we only determine it for the current situation. The
outcomes of vulnerability index mapping are displayed in figure 5-5, in which vulnerability
indices are classified into three classes ranging from low to high. This smaller number of
vulnerability classes compared to the hazard and exposure classification is mainly because of
the smaller range of indices. Figure 5-5 shows low vulnerabilities at both Vridi (V=0.43) and
Petit-Bassam (V= 0.44) and high vulnerability at Sogefiha. This spatial distribution of coastal
flood vulnerability clearly reflects the reality on the ground since all along the Sogefiha area,
vulnerable precarious housing predominantly occupies the first lines of the coast (B. Touré et
al., 2012a), which is to a lesser extent at Vridi and Petit-Bassam.

3.98°W 3.97°

; N

\ WRE(T=BASSAM

3.99°W 3.98°W 3.97°W 3.96°W
[0.43 - 0.51] s [0.51 - 0.59] = [0.59 - 0.67]
Low Vulnerability Medium Vulnerability High Vulnerability

Figure 0-5: Map showing the spatial variation of coastal flood vulnerability index for the current period
in the Port-Bouét Bay (this present-days tendency is assumed constant over time).
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To further understand the underlying reasons for this distribution of the aggregated values of
vulnerability, an analysis of the individual indicator values at the three neighbourhoods was
performed and plotted in the spider chart below (figure 5-6). With one glance at this chart, it
can be seen that the higher vulnerability at Sogefiha is mainly due to the high (1) percentage of
disabled people, (2) elderly and child population rate, (3) ratio of female, (4) household size,
and (5) proportion of households with precarious building conditions. Sogefiha possesses the
maximum normalized value for each of these above indicators that all have a positive impact
on vulnerability, i.e., sensitivity indicators (see table 5-3). Out of the 13 selected vulnerability
indicators, Vridi and Petit-Bassam obtained the maximum normalized value in four indicators
each, as shown in the plot. Note that most of the indicators in which Petit-Bassam excels have

a negative correlation with vulnerability, i.e., coping capacity indicators."
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% Household taking flood - .
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Figure 5-0-6: Spider diagram of vulnerability normalized indicator values for Vridi, Petit-Bassam and
Sogefiha.

The above analysis indicates that to reduce vulnerability to coastal flooding in Port-Bouét Bay,
Sogefiha requires measures to reduce sensitivity, while Petit-Bassam would need increased
adaptation efforts. As for Vridi a balance between measures for reducing sensitivity (decrease
household income dissatisfaction and dependency ratio) and increasing coping capacity
(increase sensitisation on coastal flood risk and evacuation resources) would probably be

beneficial for reducing coastal flood vulnerability.
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5.3.2. Coastal Flood Risk Trends

The hazard, exposure, and vulnerability levels described in the previous sections represent the
key components of overall coastal flood risk. To gain a more comprehensive understanding of
and address this risk, these component indices were combined using Equation 5-7. The resulting
risk indices were then used to map the evolving spatial and temporal trends of risk across Port-
Bouét Bay (refer to Figure 5-7).

4.00°W

3.99°W 3.98°W

=
o
n
N

5.250N

3.98°W

TEEEEASIA

3 - SSP5-8.5
2030 2-SSP2-4.5
1-SSP1-2.6

3 - SSP5-8.5
2050 2-ssP2-4.5
1 - SSP1-2.6

4.00°W 3.99°wW 3.98°W 3.97°W 3.96°W
3.98°W 3.97°W_ 3.96°W

S PETIEBASSAN

3 - SSP5-8.5
2100 2-SSP2-4.5
1 -SSP1-2.6
3.99°wW 3.98°W

[0.004 - 0.094] NT0.184 - 0.274] I 0.364 - 0.454]
Very Low Risk Medium Risk Very High Risk
[0.094 - 0.184] N [0.274 - 0.364]
Low Risk High Risk

Figure 0-7: Map showing the spatial and temporal distribution of coastal flood risk index under climate
change scenarios in the Port-Bouét Bay.

CHAPTER 5 123




The risk indices have been categorized into five classes, ranging from very low to very high
risk. As shown in Figure 5-7, the current coastal flood risk in all neighborhoods of Port-Bouét
Bay is very low. Vridi and Petit-Bassam are expected to maintain minimal risk levels until mid-
century. However, the risk level in Sogefiha is projected to increase to a low by 2030 and remain
at that level until 2050. Notably, there will be no significant variations in risk levels across
climate change scenarios in each neighborhood from the present day to the middle of the
century. By 2100, some divergences can be observed, except in Petit-Bassam, where the risk
level is predicted to remain low regardless of the SSP. In Vridi, the end-of-century risk level is
expected to remain very low under SSP1-2.6 and SSP2-2.5, but it rises to a high-risk level under
SSP5-8.5. In Sogefiha, the end-of-century risk level is projected to be high under SSP1-2.6 and
very high under both SSP2-4.5 and SSP5-8.5.

5.3.3. Contributions to the overall coastal flood risk in Port-Bouét Bay

5.3.3.1. Contributions of the risk components

Further exploration of the risk components was conducted to enhance the understanding of their
relative individual importance in determining the overall risk index and provide stakeholders
and decisions-makers key information regarding the underlying factors of the coastal flood risk
in the study area. To do this, the risk components indices were averaged across the different
periods, and then compared to identify the largest contributor over time (see figure 5-8). The
findings indicate that the temporal evolution of risk components' contribution to the total risk
in Vridi and Sogefiha follows a similar pattern from 2020 to 2050 with vulnerability being the
main contributor. By 2100, the hazard is projected to become the most significant contributing
factor at Vridi, while exposure is predicted to become the primary contributor at Sogefiha. In
Petit-Bassam, vulnerability is expected to be the primary contributor to present-day risk, but it
is anticipated that the hazard component will become the most significant contributor from 2030
until the end of the century. These results provide valuable insight into the changing nature of

risk components and can aid in developing effective risk management strategies over time.

5.3.3.2. Contribution of the neighbourhoods

By analysing the spatial and temporal trends of the risk and averaging of the indices, we

determined the contribution of each neighbourhood to the total coastal flood risk in the study
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area. The percentage contributions of each neighbourhood to the risk are presented in Figure 5-
9, where Sogefiha, Petit-Bassam, and Vridi are ranked as the top contributors to the risk,
respectively. This information is crucial in guiding the identification of priority intervention
areas for integrated coastal flood risk management.

VRIDI
| Hazard Exposure g Vulnerability
2100 YT
2050 | S v - T S
2030 Y TE—
2020 T Y ¥ T S
PETIT-BASSAM
| Hazard Exposure g Vulnerability
2100 TR
2050 YT R
2030 T
2020 TS 0.438
SOGEFIHA
| Hazard Exposure g Vulnerability
2100
2050 T
2030 YT
AV 0285

Figure 0-8: Contribution of the risk Components (Hazard; Exposure and Vulnerability) to the overall
coastal flood risk in each Neighbourhood (Vridi, Petit-Bassam and Sogefiha) in Port-Bouét Bay
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Figure 0-9: Contributions of the neighbourhoods to the overall coastal flood risk in Port-Bouét Bay

5.4. Discussion

5.4.1. Insights

This section of the work involved determining the spatial and temporal trends in coastal flood
risk indices along the Port-Bouét Bay using both the IPCC ARG risk-centred approach (IPCC,
2019; Reisinger et al., 2020) and an indicator-based approach. The first approach considers all
three aspects that contribute to defining coastal flood risk, namely hazard, exposure, and
vulnerability - while the latter permitted a meticulous selection of indicators based on their
relevance to coastal flood phenomenon and their applicability to the local context. . To account
for different sea-level rise projections, the study employed the SSP scenario, notably the SSP1-
2.6, SSP2-4.5 and SSP5-8.5 which refer as the low, intermediate and high scenarios of
Greenhouse Gas emissions respectively (Fox-Kemper et al., 2021; Garner et al., In prep., 2021).
The methodology employed in this study follows to the standard principles of risk analysis. The
different steps involved have been thoroughly explained to ensure that it is understandable and
can be replicated in other contexts. The study’s focus was to calculate risk indices by deriving
them from the individual indices of the different components, which were obtained using

selected indicators from indices of its different components whose indices were obtained from
the selected indicators.

The calculated indices for each risk component reveal varying levels of hazard, exposure, and
vulnerability across neighbourhoods, indicating relative disparities between these locations.

Climate change could lead to a significant increase in hazard levels by the end of the century,
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subsequently amplifying the exposure. Regarding the resulting coastal flood risk, although the
current risk is relatively very low (as depicted in Figure 5-7), it already poses challenges to the
communities residing along the Port-Bouét Bay (Konan et al., 2016; Sadia, 2014). The
projections of risk indicate that under all SSP scenarios, there will be an increase in the risk
indices for all neighbourhoods, with the neighbourhood of Sogefiha being identified as the most
at risk by the year 2100. When analysis the contribution of the different components to the
overall risk, it appears, that vulnerability is the predominant contributor to the current level of
risk. However, if vulnerability levels remain the same as they are today, the current
predominance of vulnerability is expected to gradually diminish and give way to hazard and

exposure by 2100.

Noteworthy that the approaches employed in this study helped provide significant information
on the risk factors, including hazard, exposed elements, and the vulnerability of people and
assets, for more targeted responses to the issue. Calculation and presentation of the index at the
neighbourhood scale also facilitated identification of the neighbourhoods most at risk,
informing prioritization of adaptation efforts. Thus, this study provides valuable insights on
coastal flooding in an area where research on the topic has been very limited. Previous studies
along the Ivorian coastline mostly focused on broader concerns, such as “coastal risk” and
“coastal vulnerability” (Robin et al., 2004; Tano et al., 2016, 2018). Nonetheless, the present
study aims to draw attention to the issue of coastal flooding, which has been overshadowed by
coastal erosion, even though both pose serious threats to the communities along the Port-Bouét
Bay. In terms of implications, the computed risk trends indicate an urgent need for tailored
strategies to mitigate and adapt to minimize coastal flood risk. Additionally, with these
outcomes, decision-makers could prioritize their interventions based on the specific challenges

faced by different locations.

5.4.1. Limitations

In this work, there may be several potential limitations to consider, which could arise from the
estimated extreme sea levels, flood mapping, exposure assessments, vulnerability indicator
selection, data collection method, applied weighting method, and the considerations made in

the risk assessment. While the first three points have been discussed extensively in chapters 3
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and 4, this section will focus on the remaining points to complete highlighting all the possible

limitations to this study.

¢ Vulnerability Indicators selection
The vulnerability assessment in this study used a set of 13 indicators. It is important to note
that, in such evaluations, the number of indicators is not as critical as their quality, impact, and
relevance. For example, in similar coastal flood vulnerability assessments, Hadipour et al.
(2020) used four (04) indicators, Ferreira et al. (2021) considered ten (10) indicators,
Paranunzio et al. (2022) selected twelve (12) indicators, and Wu (2021) employed thirty (30)
indicators. In our case, the chosen indicators were carefully selected and validated based on the
opinions of the households involved. However, it is essential to acknowledge that there are
other validation methods available for indicators, including expert judgment, stakeholder
engagement, and statistical analysis (source). We recommend exploring the proposed
alternative methods in future research to identify more relevant indicators for a more

comprehensive assessment of coastal flood vulnerability within the specific local context.

e Survey Data Collection Method

About the survey data collection method, it is important to note that some households within
the survey coverage area are facing the threat of eviction from communal authorities due to
their high exposure to coastal hazards. This situation can potentially influence individuals'
responses, leading them to align with societal expectations or perceived social norms instead of
being completely honest or transparent. This phenomenon is related to the concept of social
desirability bias (Grimm, 2010). To minimize the impact of potential social desirability bias on
the collected data, the questionnaire was designed with careful consideration to be non-
judgmental and provide the option for anonymity. These measures aimed to create a safe

environment for respondents to share their true thoughts, beliefs, and experiences.

However, it is worth noting that further studies should explore additional strategies to mitigate
social desirability bias more effectively. The recommendations provided by (Ried et al., 2022)
can serve as valuable guidance in this regard. By implementing these suggestions, future
research works can improve the accuracy and reliability of the collected data, allowing for a

more comprehensive understanding of the situation at hand.
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e Weighting Method
Assigning appropriate weights to the available input variables is a critical factor in the
calculation of a indices, as the impact of different feature weights can significantly influence
the final outcome (Papathoma-kohle et al., 2019). The choice of weighting methods is very
often a subject of critique in the development of risk calculation indices, as it can lead to varying
index values depending on the technique employed (Tsesmelis et al., 2019). In the present
study, the equal weights method was used to avoid issues with overweighting and
underweighting. However, this method may not accurately reflect reality (OECD, 2008). To
address this limitation, alternative statistical or empirical approaches, such as principal
component analysis (PCA) and analytical hierarchy process (AHP) and others, could be
explored and even combined with expert judgements (Bucherie et al., 2022; Sekovski et al.,

2020; Wu, 2021) to further enhance the accuracy and robustness of the indices.

e Risk index calculation
In the work, the calculation of future coastal flood risk indices did not incorporate the dynamic
nature of vulnerability component. This approach was necessary due to the limitations of the
collected vulnerability data, which solely pertained to the current situation, and the lack of
sufficient data to project vulnerability in the study area for the future. It is worth mentioning
that previous researchers have also encountered similar challenges (e.g., Hadipour et al., 2020;
Paranunzio et al., 2022). As a result, the conclusions drawn from these indices are valid only
under the assumption that future vulnerability levels remain relatively unchanged compared to
the current situation. This show the urgent need to undertake effective actions to reduce
vulnerability for if vulnerability were to increase in the future, it would significantly elevate the
overall coastal flood risk levels. However, it is must be acknowledged that incorporating future
vulnerability data regarding the population and properties within flood-prone areas would have
significantly enhanced the value of the framework and provide more precise and comprehensive
risk assessments. By considering future vulnerability aspects, the risk projections presented in
this study would offer a more accurate depiction of potential risks and contribute to an improved

overall assessment.

¢ Index classification and Representation
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Various classification methods for indices are available, including natural breaks (Jenks), equal
interval, quantile (equal counts), and standard deviation, with the selection of each method
closely tied to the aim of the assessment (Papathoma-kdohle et al., 2019). In general, indices can
be visualized through tables, bar or line charts, or trend diagrams (OECD, 2008). In this study,
considering the geographical nature of the analysis and the need to effectively communicate
information to the different end-users in a simplified manner, the use of GIS maps was deemed
the most appropriate approach for representation. The outcomes of the index calculations were
presented using equal interval classes. However, it is important to note that relying solely on
class-based representation can be misleading, as neighbourhoods falling within the same risk
class may not experience equal levels of impact, exposure, or vulnerability to coastal flooding.
For instance, when comparing the current situation to mid-century, both the Vridi and Petit-
Bassam neighbourhoods are projected to remain in the same risk class (very low). However, in
terms of the index, the flood risk in both neighbourhoods is expected to double during that
period. This discrepancy between the risk class and index values may have emerged because of
the use of the equal interval classification method. However, it highlights the significance of
rather focusing on the specific factors that contribute to the index values.

While acknowledging the identified limitations, the findings in this study offer a valuable
foundation for community-level strategies, planning, and support for coastal resilience projects.
For example, the study can contribute to initiatives like the West African Coastal Area
Resilience Investment Program (WACA-ResIP), a World Bank-funded project aiming at
enhancing the resilience of targeted communities and coastal areas against erosion and flooding
in six (6) West African countries. However, it is important to note that the risk indices were
calculated at the neighbourhood level, and therefore should not be used to draw conclusions at
a smaller scale (household level) or larger scale (regional level) without further assessment due
to the limitations of the data and methods used. To upscale or downscale the current results,
flood risk estimates will require a combination of these and other methods, tailored to the
specific characteristics and needs of the study area. It is important to note that downscaling the
risk indices to smaller scales, such as the household or individual level, will pose greater
challenges than upscaling due to the need for more precise data and the increased possibility of

uncertainties in the estimates.
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5.6. Conclusion

This chapter has provided valuable insights and information on how the risk of coastal flooding
due to climate change will evolve along the Port-Bouét Bay until the end of the century. The
research employed the IPCC-ARG risk framework and calculated risk indexes based on locally
relevant indicators. Additionally, the study considered low, intermediate, and high SLR
scenarios to anticipate the future trajectories of climate change. The findings of the study serve
as a screening tool, offering estimates and suggestions for initiating discussions among
stakeholders and researchers regarding the topic of coastal flood risk. The integration of these

findings into coastal flood risk management planning can help achieve several key objectives:

o Assist policy and decision makers in developing climate resilience measures,
o Prioritize and target adaptation measures effectively,
o Increase awareness among various stakeholders and the public about coastal flood

risk under different climate and environmental scenarios, thereby enhancing the

management of the impacts of sea-level rise and changes in storm patterns.

Of course, this study has limitations that could be addressed in future research. To produce
more accurate and customized results, further studies could consider additional relevant
indicators of exposure and socio-economic vulnerability. Although this research solely focused
on socio-economic vulnerability, we recommend linking physical or ecological dimensions to

socio-economic vulnerability for efficient reduction strategies of flood risk.
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Recommendations

The analysis of the evolution of the risk of coastal flooding along the Port-Bouét Bay highlights
the need for extensive efforts to mitigate coastal flood impacts and improve the resilience of
the coastal communities. In other words, local and government authorities, together with all
stakeholders need to develop plans and measures aiming at mitigating the potential impacts and
facilitating population adaptation. In the following section, we will outline the most relevant
plans and measures adapted to the urban environment of Port-Bouét Bay. They have been
categorised into three groups: measures that either manage hazard, exposure, or vulnerability.
Of course, these measures can be combined for sustainable and integrated risk management.
Moreover, a measure from one group could influence and modify another component of the
risk (Mortensen et al., 2023), hence the need to carry out feasibility studies before choosing or

implementing measures from the current proposal.

Hazard Reduction

Managing coastal flood hazards involves reducing the impacts of floods through coastal
protection measures. To protect the coast and prevent damage to inland areas, different options

are available, including structural and non-structural measures.

e Structural measures also known as “hard solutions” include constructing seawalls, sea
dikes, and coastal levees made from diverse materials and designed to a sufficient height
to contain expected floodwater. The height of the structure is determined by the
allowable risk, which is usually based on economic optimization or the availability of
funds. While hard solutions can provide effective coastal flood protection, they can also
be vulnerable to overtopping or failure specially in the face of constant increasing of
extreme sea level under climate change effects as demonstrated in this work. In addition
to their high cost and the heavy engineering works required, these solutions can also
raise aesthetic, social and environmental concerns. Furthermore, opting for structural
protection can result in costly repairs if the structures sustain damages, which can
sometimes exceed the cost of the initial construction cost itself. Considering the
limitations mentioned above, we strongly recommend that structural measures be used

as a last resort for reducing coastal flood hazards in Port-Bouét Bay. In addition, it is
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important to conduct more in-depth feasibility studies to not only determine the optimal
design but also to avoid potential issues that may arise from these structural measures.
The use of non-structural measures also known as “nature-based solutions” is
becoming more popular in recent years. As such, increasing importance is given to dune
reinforcement and stabilization as one of the main solutions to cope with coastal floods.
Coastal dune reinforcement and stabilization involves using various techniques and
materials to protect and strengthen sand dunes along the coast, which in turn can help
reduce the impacts of coastal erosion and flooding. These techniques include planting
vegetation, installing sand fencing, and using geotextiles to reinforce the dune structure
and promote their natural growth and stability while enhancing their ability to resist
extreme sea level elevations. An additional measure that goes with this is to prohibit
and enforce regulations against sand mining to preserve the natural protective features

of the coastline and ensure the safety of local communities.

Exposure Reduction

Whether it is decided to fully protect, partially protect, or not protect the coast of Port-Bouét

Bay in the future, it is crucial to inform both current and future residents about their potential

exposure to coastal flooding and the possible ways to mitigate such exposure. This will ensure

that residents are aware of their responsibilities and can make informed decisions. To modify

the current and anticipate future exposure to coastal flood hazard in Port-Bouét Bay, the

following measure could be suggested:

Spatial planning and controlled urbanisation with a focus in setting up the
appropriate governance arrangements needed to guarantee that the appropriate spatial
planning and controlled urbanisation systems will be put in place, implemented and will
be sustained over the several decades. This could involve implementing zoning

regulations, building codes, or incentives for green infrastructure.

Creating coastal setbacks by retreating and prohibiting development in flood-prone
zones along the coast, which can reduce the risk of damage from coastal flooding. This
approach can also establish natural buffers that absorb wave energy and protect inland
areas (Sano et al., 2011).
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Building floodable spaces by designing buildings and public spaces that can be
intentionally be flooded during a flood event. This can help reduce the damage from
flooding and ensure that they are usable after a flood. Floodable spaces can also provide
recreational opportunities for the community during non-flood periods. An example of
the concept being discussed is already being implemented in Eastern Port-Bouét: the

seafront Promenade of Gonzagueville.

Promote flood-resistant adaptations for buildings in flood-prone areas. These
adaptations can be divided into two categories: "dry proofing,” which includes measures
such as elevated foundations, stilt housing, and local protection, and "wet proofing,"

which involves reducing damage by making buildings waterproof up to a certain level.

Developing evacuation plans in extreme cases and in case when none of the above
proposed measures is envisioned. However, such plans require further researches and

data e.g., cost-benefit analysis.

Vulnerability Reduction

Coastal communities are often confronted with various challenges that heighten their

vulnerability to coastal flooding, necessitating the need for adaptation and resilience measures

to mitigate the associated risks. Based on the recommendations from Zanuttigh (2011), we

suggest that the vulnerability of the Port-Bouét Bay to coastal flooding can be addressed by

implementing the following measures:

Risk communication and education to improve resilience to current and future risks
associated with climate change. To be effective, it is crucial to conduct preliminary
investigations of coastal risk perception, engaging local communities and stakeholders
involved in flood mitigation, planning, and knowledge dissemination. This will enable
the development of best practices for communicating flood risk and promoting
preparedness, contributing to effective multilevel governance systems critical for
enhancing adaptive capacity to deal with disturbance and build preparedness for living
with change and uncertainty.

Hazard Monitoring and Developing early warning systems can help individuals and
communities take proactive measures to prepare for coastal flood events, including

evacuating vulnerable areas and moving valuable assets to safer locations.
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Effective multilevel governance systems. These are essential for enhancing adaptive
capacity and preparedness in dealing with disturbances and building resilience to cope
with change and uncertainty.

Establishing insurance systems can aid in the economic and social recovery process
after a disaster while also limiting the impact of future disasters by implementing pricing
or coverage restrictions to discourage development in areas prone to hazards.
Establishing post-crisis units with trained personnel to provide psychological support
for those affected by disasters

Concluding Remarks

Coastal floods phenomenon poses a significant threat to the Port-Bouét Bay area, but due to the

limited number of studies, its impacts and risks is poorly understood within the local context.

In order to address this question, the present thesis proposed to assess the current coastal flood

risk and its future evolution under climate change effects at the local scale within the bay. To

achieve this, the study employed a range of approaches including numerical modelling, GIS-

based modelling, empirical methods, statistical analyses, and index calculations. These methods

enabled the assessment to incorporate all the coastal flood drivers and comprehensively

analysing all risk components, offering a more thorough understanding of the risk. After

conducting several analyses, the main findings suggest that:

Current coastal flood events are associated with high extreme sea level conditions. As
mean sea level continues to rise due to the effects of climate change, these current
extremes will become even higher, with shorter return periods. This will result in more
severe and frequent future coastal flood events in all neighbourhoods within the Bay.
Present-day coastal floods are likely to flood approximately 21.58 ha of coastal land,
exposing a significant number of people and assets. With future climate change, the
flooding coverage is expected to gradually increase, almost doubling by the end of the
century in the worst-case scenarios. This will result in a higher exposure to flooding.

In terms of land use exposure, informal settlements are the most exposed, followed by
residential settlements, commercial areas, and industrial land, in that order.

Due to its high susceptibility, Sogefiha is more vulnerable to coastal flood damage

compared to Vridi and Petit-Bassam, which currently have low vulnerability levels.
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- The combination of risk component indices indicates that the current coastal flood risk
is relatively very low. However, the future risk trend will vary across neighbourhoods.
By 2100, Vridi may still have very low risk, but a shift to high risk is possible under
SSP5-8.5. Petit-Bassam will have low risk under all SSPs, while Sogefiha will have
high risk under SSP1-2.6 and SSP2-4.5, with a possibility of reaching very high levels
under SSP5-8.5.
This study enhances understanding of risk factors and can aid in developing effective strategies
for mitigating and adapting to coastal flood risk in the Port-Bouét Bay area. In this regard, a

certain number of proposed measures have been drafted here to proactively address the issue.
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Annex A

Table S1: Complete set of estimated current and future extreme sea level Scenarios at Vridi, petit-Bassam and Sogefiha: It presents the
evolution of the of the present-days 1-, 5-, 10-, 25-, 50-, and 100-year return values of ESL under SSP1-2.6, SSP2-4.5 and SSP5-8.5
scenarios for the year 2030, 2050 and 2100. For each SSP both median (50th percentiles) and likely (17th — 83rd) ranges are provided.

2030
Location Egﬁfgg Erseie(nztog%g SSP1-2.6 SSP2-45 SSP5-8.5
17th 50th  83rd  17th  50th  83rd  17th  50th  83rd
1 3.4 3471 3511 3556 3470 3510 3556 3476 3515  3.561
5 3.78 3851 3891 3936 3850 3890 3936 3856 3895  3.941
8 10 3.03 4001 4041 4086 4000 4040 4086 4006 4045 4091
x 25 412 4191 4231 4276 4190 4230 4276 4196 4235 4281
50 4.25 4321 4361 4406 4320 4360 4406 4326 4365 4411
100 4.37 4441 4481 4526 4440 4480 4526 4446 4485 4531
s 1 3.86 3931 3971 4016 3930 3970 4016 3936 3975 4021
< 5 43 4371 4411 4456 4370 4410 4456 4376 4415 4461
2 10 4.47 4541 4581 4626 4540 4580 4626 4546 4585 4631
i 25 4.68 4751 4791 4836 4750 4790 4836 4756 4795 4841
= 50 4.83 4901 4941 4986 4900 4940 4986 4906 4945 4991
w 100 4.97 5041 5081 5126 5040 5080 5126 5046 5085 5131
1 3.51 3581 3621 3666 3580 3620 3666 3586 3625 3671
< 5 3.9 3971 4011 4056 3970 4010 4056 3976 4015 4061
< 10 4.05 4121 4161 4206 4120 4160 4206 4126 4165 4211
W 25 4.23 4301 4341 4386 4300 4340 4386 4306 4345 4301
3 50 4.36 4431 4471 4516 4430 4470 4516 4436 4475 4521
100 4.48 4551 4591 4636 4550 4500 4636 4556 4595  4.641
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Table S1 Continued (2/3)

. Return ©resent: 2050
Location period day ESL SSP1-2.6 SSP2-4.5 SSP5-8.5
(2020) 17th 50th 83rd 17th 50th 83rd 17th 50th 83rd
1 3.4 3.543 3.620 3.711 3.560 3.636 3.729 3.587 3.664 3.759
5 3.78 3.923 4.000 4.091 3.940 4.016 4.109 3.967 4.044 4.139
& 10 3.93 4.073 4.150 4.241 4.090 4.166 4.259 4.117 4.194 4.289
g 25 4.12 4.263 4.340 4.431 4.280 4.356 4.449 4.307 4.384 4.479
50 4.25 4.393 4.470 4561 4.410 4.486 4579 4.437 4514 4.609
100 4.37 4513 4.590 4.681 4530 4.606 4.699 4557 4.634 4.729
s 1 3.86 4.003 4.080 4.171 4.020 4.096 4.189 4.047 4.124 4.219
g 5 4.3 4.443 4.520 4611 4.460 4.536 4.629 4.487 4.564 4.659
Z 10 4.47 4.613 4.690 4.781 4.630 4.706 4.799 4.657 4.734 4.829
ff 25 4.68 4.823 4.900 4.991 4.840 4.916 5.009 4.867 4.944 5.039
- 50 4.83 4.973 5.050 5.141 4.990 5.066 5.159 5.017 5.094 5.189
o 100 4.97 5.113 5.190 5.281 5.130 5.206 5.299 5.157 5.234 5.329
1 351 3.653 3.730 3.821 3.670 3.746 3.839 3.697 3.774 3.869
< 5 3.9 4.043 4.120 4.211 4.060 4.136 4.229 4.087 4.164 4.259
™ 10 4.05 4.193 4.270 4.361 4.210 4.286 4.379 4.237 4.314 4.409
o) 25 4.23 4.373 4.450 4541 4.390 4.466 4.559 4.417 4.494 4.589
8 50 4.36 4503 4580 4.671 4520 4.596 4.689 4.547 4.624 4.719
100 4.48 4.623 4.700 4.791 4.640 4.716 4.809 4.667 4.744 4.839
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Table S1 Continued (3/3)

. Return ©resent: 2100
Location period day ESL SSP1-2.6 SSP2-4.5 SSP5-8.5
(2020) 17th 50th 83rd 17th 50th 83rd 17th 50th 83rd
1 3.4 3.702 3.888 4.122 3.820 4.018 4.284 4.026 4.240 4.548
5 3.78 4.082 4.268 4.502 4.200 4.398 4.664 4.406 4.620 4.928
& 10 3.93 4.232 4.418 4.652 4.350 4.548 4.814 4.556 4.770 5.078
g 25 4.12 4.422 4.608 4.842 4540 4.738 5.004 4.746 4.960 5.268
50 4.25 4.552 4.738 4.972 4.670 4.868 5.134 4.876 5.090 5.398
100 4.37 4.672 4.858 5.092 4.790 4.988 5.254 4.996 5.210 5.518
s 1 3.86 4.162 4.348 4582 4.280 4.478 4.744 4.486 4.700 5.008
g 5 4.3 4.602 4.788 5.022 4.720 4.918 5.184 4.926 5.140 5.448
Z 10 4.47 4772 4.958 5.192 4.890 5.088 5.354 5.096 5.310 5.618
ff 25 4.68 4.982 5.168 5.402 5.100 5.298 5.564 5.306 5.520 5.828
= 50 4.83 5.132 5.318 5.552 5.250 5.448 5.714 5.456 5.670 5.978
o 100 4.97 5.272 5.458 5.692 5.390 5.588 5.854 5.596 5.810 6.118
1 351 3.812 3.998 4.232 3.930 4.128 4.394 4.136 4.350 4.658
< 5 3.9 4.202 4.388 4.622 4.320 4518 4.784 4.526 4.740 5.048
™ 10 4.05 4.352 4538 4.772 4.470 4.668 4.934 4.676 4.890 5.198
o) 25 4.23 4.532 4.718 4.952 4.650 4.848 5.114 4.856 5.070 5.378
9, 50 4.36 4.662 4.848 5.082 4.780 4.978 5.244 4.986 5.200 5.508
100 4.48 4.782 4.968 5.202 4.900 5.098 5.364 5.106 5.320 5.628
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Annex B

COASTAL FLOOD VULNERABILITY QUESTIONNAIRE

General Information

What is your name?
opional

Gender

() mate
O Female

How old are you?

() <20
OED-
() 3-
Olﬂ-
() =1-

MNeighborhood / Sector

D Sogefiha

O Patit-Bassam

() wridi

GPS Coordinates

latitude (x.y *) TegiehilETe
1 : -

longitude (x.y *)

altitude (m)

accuracy (m)
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Susceptibility Factors

What is the current condition of the building where the househobld is located [visual inspection by Interviewer]
l:—_j Good Condition [mot Precaricous]
l':::l Poor condition [Precarious]

'.f:,'l Oithes

If ather, Please Specify

Including yourself, how many people currently live in your household?

How many females are currently living in your household?

How many children in your household are under the age of 107

What is the number of Individuals in your household who are &5 years of age or older?

Arn there any individuals in your household who have a disability?

I:::I Yis
P
L__F,I Mo

I:___:I | do not know

If yes, How many People?

What are the types of disability?

If Other, please specify
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Are there any individuals in your household with a chronic illness or medical condition?
'.i:l s
O o

I,:::l | dix net know

For how long has the chronically ill individual in your household been sick?

What is the current employment status of the head of household?
'EI Emplomed [both public and private compagny)

O Self-employed

O Unemployad

I:::I Retired

() other

If Other, please specify

Deoes hesshe have any ather sources of income?

(O ves
I::_-:l M

How many peaple in your household have a job?

How many dependent people are there in the household?

How do you assess the general income of your household?
"::,I High [very satisfactory]
O Mediurn [Satisfaciony]

O Lorew [Mot S—ETISFEE[DF}':

ANNEXES 173




Adaptive Capacity Factors

How many people can read and write in your household?

Da you receive flood alerts during periods of sea agitation?

QO es

Y
\q_p-'l Mo

If yes, by what means do you receive these alerts?

Thraugh emal
Phone call # SMS
Alarm
Doar-to-doar

dif ad¥ert

If other, Please Specify

Fram whaom or from which organization do you receive these alerts?
The town hall

The regicnal council £ The District

The gemeral council

Resident associations

The governrmaent

The International partners

| dee Al kncews

oodooogd

Cther

If ather, then specify

Do you receive tralning or awareness-raising on Coastal Risk Management?

l::l Mo

lf__-:l | do not know

If yes, What organisations are in charge of raising your awareness and training you?
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Do you think you are sufficiently informed about the behavior to adopt in the event of flooding by the sea?

CI vas, abaolutely

IC_-:I Mo, rather not

O | der not know

Are you aware of evacuation sites in the event of coastal flooding?

O a5, absolutely

(:I Mo, rather not

I::I Mat at all

O | do not know

If yes, please explain a lictle

How far from your home is the nearest evacuation site?
() wat far pess than 0.5 km]

() Farpos-1km)

O Wery far [more than 1 km)

Does your household have any private flood protection measures in place to prevent or mitigate coastal flood
damage?

[_] Yes, we have installed flood barriers, sandbags, or other flood protection measures

|:| vag, wie have elevated the baserment o faundation to protect the bullding frem flood damage
[ ] Yes, we have waterprocfed cur basement or foundation

D ves, we have taken ather private flogd protection measures (please specify);

[_] Mo, we do not have any private flood protection measwres in place

If other, Please Specify
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Table S2: Hazard, Exposure, vulnerability and Risk indices calculated for current and future scenarios along the Port-Bouét Bay. These
indices were obtained based on indicators that have been described in chapter 5.

Annex C

VRIDI PETIT-BASSAM SOGEFIHA

Hazard Exposure Vulnerability Risk Hazard Exposure Vulnerability Risk Hazard Exposure Vulnerability Risk

2020 0.100 0.100 0.004 0.146 0.181 0.012 0.285 0.339 0.065
SSP1  0.413 0.106 0.019 0.516 0.202 0.047 0.612 0.366 0.150

2030 SSP2 0411 0.107 0.019 0.515 0.203 0.047 0.612 0.366 0.150
SSP5  0.419 0.109 0.020 0.525 0.220 0.052 0.614 0.366 0.151

SSP1  0.429 0.115 0.021 0.557 0.262 0.065 0.631 0.415 0.175

2050  SSP2 0433  0.117 0431 0022 0558  0.264 0448 0066 0634 0416 0670 5177
SSP5  0.436 0.118 0.022 0.566 0.267 0.068 0.643 0.425 0.183

SSP1  0.467 0.183 0.037 0.599 0.442 0.119 0.685 0.714 0.327

2100 SSP2  0.503 0.218 0.047 0.618 0.457 0.127 0.717 0.782 0.375
SSP5  0.859 0.835 0.309 0.678 0.537 0.163 0.771 0.879 0.454
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