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ABSTRACT

Climate change has become one of the global environmental issues more visible in recent
decades. Flooding is one of the natural disasters that combine with climate change to create effects
and cause some of the most destructive damages in Cote d’Ivoire. The District of Abidjan located
in the south of Cote d'lvoire which is subjected to heavy rainfall, rapid population growth and
uncontrolled urbanisation is not an exception to the problem of flood risk. The aim of this study
was to identify, map and model areas of flood risk to facilitate decision making for better land use
planning under changing climate in this District. The maximum likelihood classification algorithm
and post-classification change detection procedures were used in this study. The spatio-temporal
land use/ land cover change in relation to urbanisation sprawl was assessed based on a series of
Landsat images for 1990, 2002 and 2014. Statistical methods were also used to characterise and
determine hydro-climatic drivers of flood. LARS-WG model was used to generate future scenario
based on HadCM3 model and SRA1B emissions and in rclimdex model, ten (10) rainfall indices
were calculated. LARS-WG and rclimdex were used to determine and analyse trends of rainfall
and temperature under present and future climatic conditions. Analytic Hierarchy Process (AHP)
method as a multi-criteria analysis allows the integration of several elements under two criteria:
hazard and vulnerability for flood risk assessment and mapping. Flood Hazard Index (FHI) model
was carried out to determine flood prone areas by combining rational and statistical methods. The
results revealed urban area expansion (15%) as a major land use change for the period 1990-2014.
However, there was an important increase in urban area between 2002 and 2014, compared to
1990-2002. Regarding future weather, LARS-WG statistical results showed that, temperature will
increase from 0.32°C to 2.54°C for the period 2011-2100. Also, rainfall in the same period will
increase from 4 %, to 10 %. Results of rclimdex through ten (10) rainfall indices and comparison

between observed and future indices indicated an increased trend of some rainfall indices:



Consecutive wet Days (CWD) and number of heavy rainfall days above 10mm (R10) from 2011
to 2100. AHP flood risk map showed that areas under high and very high flood risk covers 34% of
the study area while Flood Hazard Index (FHI) model revealed that about 25.09 % of the study
area were within the high FHI areas. Both results showed that eight out of thirteen (8/13)
municipalities of Abidjan District are within high and very high flood risk areas. Therefore, there
is a need for decision makers to call for optimal design of technical solutions and an effective
preparedness strategy to be developed for future flood occurrence within Abidjan District (South

of Cote d’Ivoire).
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CHAPTER 1: GENERAL INTRODUCTION

Background

Climate change has become one of the most visible global environmental problems in the
last decade and hence needs to be examined on the global, regional and local scale. Climate change
is considered to be the biggest challenge facing mankind in the twenty first century (Osman et al.,
2014). In addition, population growth with its demand and development has become a world issue
this last century (Txomin et al., 2013). Urbanisation, which results in the conversion of natural
vegetation, forest, agricultural land, wetlands and natural drainages to built-up environments and
construction impacts on climate. Changes in climate patterns alter the spatial and temporal
distribution of hydrological characteristics with inevitable consequences that are very significant.
The impact of climate change which includes, erosion, drought, landslides and floods have very
serious consequences on the environment, human beings and their socio-economic activities.
Climate change may also increase the frequency, magnitude and the seasonality of extreme events,

especially floods.

Flood risk occurrence is a combination of natural and anthropogenic factors, hence the need
to examine the spatial extent of floods. Floods are among the most devastating natural hazards in
the world, claiming more lives and causing more property damage than any other natural
phenomena (Kebede, 2012; Yalcin et al., 2004; Yahaya et al., 2010 and Ouma et al., 2014). It has
been acknowledged that flood risks will not decrease in the future, and may rather occur more
frequently in the future with the onset of climate change (Huong and Pathirana, 2013; Pederson et
al., 2012). Flood intensity and frequency will threaten many regions of the world and as a result,
floods are one of the greatest challenges to weather prediction (Jeyaseelan, 2003). Urban floods,

caused by extreme rainfall events, is an increasing problem for cities due to land-use change. For



natural disaster planners, rapid urbanisation is one the cause of increasing flood risk in urban areas.
Urban flooding often occur as a result of crowding urban developments, insufficient storm drainage
capacity, river overflows, storm surge or a combination of these phenomena which means,
concurrent flood hazard is of importance to urban flood risk management. However, in developing
countries, inadequate maintenance of drainage channels, disposal of debris and solid waste into the

drainage channels, are stress factors which accentuate urban floods.

In Africa, the situation is very likely to worsen as Intergovernmental Panel on Climate
Change (IPCC) projects higher frequencies and intensities of floods and droughts (IPCC, 2007)
for the continent as a consequence of climate change. Floods and flash floods cause loss of life and
damage to property (Musungu et al., 2012). From 1900 to 2006, floods in Africa killed nearly
20,000 people, and also affected nearly 40 million more, causing an estimated damage of US$4
billion according to the International Council for Science Unions (ICSU) Regional Office for

Africa, (2007).

Urban areas have high risk of flash flooding due to the presence of large impervious areas
and sometimes inefficient drainage system (Huong and Pathirana, 2013). Several additional
phenomena commonly contribute to urban flooding, such as limited conveyance capacity of urban
channels and rivers as well as drains and sewers because of blockages and infiltration—inflow, and
decades of urban development without upgrading of the drainage infrastructure (Pederson et al.,

2012).

While the primary cause of flooding is normally heavy rainfall, many other causes are also due
to human activities such as: land degradation; deforestation of catchment areas; Sprawl and increased

population density along riverbanks (Mbow et al., 2008), poor land use planning, zoning, and control



of flood plain development; inadequate drainage particularly in cities, and inadequate management of

discharges from river reservoirs.

Urbanisation is also an important driver of increased flood risk in cities by increasing
runoff, which affects communities’ downstream (Cloke et al., 2013). Flood hazard also increases
as a result of hydrological and hydro-climatological changes brought about by land use and
microclimatic changes driven by urbanisation (WMO/GWP, 2008 cited by Huong and Pathirana,
2013). Assessing extreme rainfall, predicting risk mapping and flood modelling has become
essential to offer appropriate solutions for flood mitigation and sustainable environmental

management of the risks they generate.

Problem Statement and Justification

More recently in Cote d’Ivoire, communities have experienced increasingly important
phenomena of floods, with its effects such as environmental pollution and coastal erosion.
Flooding is the main natural risk, which annually cause loss of lives and damage to property
including displacement during the rainy season in Abidjan. Abidjan is the economic capital of Cote
d’Ivoire, centre of business in West Africa and where many institutions have their main offices
with rapid population growth (5 million). Statistical analysis in 2013 showed that 26 % of the
District of Abidjan is at the risk of flooding and 21 people in 2009, 13 in 2010, and 15 in 2011 died
in the District of Abidjan because of floods (OCHA, 2014). Besides, a total of 80,000 people are
threatened by flooding in the District of Abidjan with 40,000 people at risk in Cocody, 12,500
people in Abobo, 10,000 in Adjame, 9,500 in Yopougon and 8,000 in Attecoube Municipalities
(OCHA, 2014). These statistics indicate the gravity of the issue of flooding in the District and the

fact that many lives and property are at risk.



The frequent floods and the increasing destruction that come with them in Abidjan are
largely attributed to climate change and human activities such as increasing impervious surface
area. Other significant factors resulting in the frequent occurrence of floods in the area are changes
in land use patterns, inefficient urban drainage system and uncontrolled urbanisation. These are
increasing the percentage of flood and flash flood vulnerability in Abidjan. It is estimated that
urbanisation (uncontrolled and controlled) alone has contributed to a significant increase in runoff
in the city due to the increase in impervious area and this is likely to continue as population
increases. Scientific research has a key role to play in understanding which areas are at risk of
flooding. This will enable decision makers take adequate and coordinated measures in order to
prevent or reduce flood risks.

Climate change assessment often requires integrated modelling in assessing the risk of
flooding. Urban flood risks assessment and modelling are complex issues that require an integrated
approach to spatial planning, ecological consideration in development, political decision making
and socio-economic development. This makes Remote Sensing, Geographic Information Systems
(GIS) tools, hydrological modelling and multi-criteria analysis powerful techniques for the
understanding of floods; creating flood risk maps to provide a basic information, plans and
communicate to various target groups (including decision makers and the public) for the effective
management of these risks. The advantage of using Remote Sensing and GIS for flood risk
assessment and modelling is not only to generate a visualize map of flooding, but also to create the
potential to further analyse and understand the process which results in this event. The multicriteria
analysis methods provides a framework which can handle different views on the identification of
the elements of a complex decision problem, organise the elements into a hierarchical structure,

and study the relationships among components of the problem. The use of this method in the



context of flood risk assessment is still rare and Analytic Hierarchy Process (AHP) developed by

Saaty (1980) is one of the best known and most widely used MCA approaches.

However, recent scientific work undertaken in the District of Abidjan concentrated on
certain factors controlling flood risk such as the rainfall risks and uncontrolled urban growth in
two municipalities of Abidjan: Attecoube and Abobo (Celestin, 2008 and Savane et al., 2003).
This is a piecemeal approach and will not provide solution to the problem of flooding in the
District. Other studies (Kouame et al., 2013; Jourda et al., 2003 and Ahoussi et al., 2013) in the
District did not directly focus on flooding but pointed out the inefficiency of the drainage network
and impervious area which are part of the main drivers of floods. These studies are fragmented
and did not consider the entire District, and did not link climate change and land use effects. Thus,
few studies have been undertaken to understand the natural causes and associated anthropogenic
implications of urban flood risks. There is a clear lack of knowledge in this area and a need for
identifying, mapping and modelling areas of flood risk in the District of Abidjan. Therefore, the
motivation of this research is to fill this gap by assessing flood risk using an integrated multicriteria
evaluation and modelling approach of the entire District. This will facilitate decision making for

better land use planning and flood risk reduction under changing climate in Abidjan.

Research Objectives
The goal of this study is to identify, map and model areas of flood risk under changing climate in Abidjan.

The specific objectives are to:

i) Assess urban land use/land cover dynamics on flood risk, ii)
Characterise significant hydro-climatic drivers of urban flood risk, iii)

Determine and analyse weather trends under observed and future climatic



conditions, iv) Create urban flood risk map using multi-criteria
analysis approach, and

V) Develop flood hazard index map.

Scope of the thesis

The scope of this thesis was to establish the extent of urbanisation as major land use change and
areas in the Abidjan District which are at risk of flooding. The study also demonstrated the
efficiency of multi-criteria analysis as a method (Analytic Hierarchic Approach) in the assessment

of floods.

Overview of Thesis

The thesis is organised into 6 main chapters as presented below:

Chapter 1 presents a general background to the research as well as the current problem

necessitating this research. It also spells out the aim objectives and scope of the research.

» Chapter 2 presents the review of relevant literature in remote sensing (RS) based on urban land
use/land cover dynamic, weather variability and flood risk assessment.

» Chapter 3 describes the materials and methods used to achieve the objectives of this study

» Chapter 4 presents the results obtained from the study.

» Chapter 5 discusses the results obtained for each specific objective of the study.

» Chapter 6 presents the conclusions drawn from the study and some recommendations.



CHAPTER 2: LITERATURE REVIEW

2.1. Overview

Climate change itself and its effect on land use has become the main interest in these last decades
by most of the multi and interdisciplinary research worldwide. Many books, articles and reviews
have been published on climate change impacts connected to land use patterns including
agriculture, urbanisation, population growth, water resources and natural disasters.

Although, numerous of these researches have been more relevant in our study and these
review is mainly concerned land use/land cover dynamic related to urbanisation, flood risk
assessment, prediction and modelling under climate change. This chapter presents a review of
relevant literature, including definitions of concepts and terms. It has been divided into three
sections. The first section review urban land use classification and mapping. Section two reviews
weather variability under present and future conditions. Section three reviews urban flood
assessment and modelling. Finally, definitions and explanation of concepts like land use/ land

cover, climate change, hazard, vulnerability, flood risk is provide in the last section.

2.2. Urban Land use/land cover dynamic

Many factors natural and anthropogenic including urbanisation, goods, population growth
and industrialisation affect land and climate. Thus both have been recognized as a driver of the
long-term change in land which automatically disturb climate. Thus, the land use/land cover
(LULC) dynamics is an important component to better understand the land patterns induced by
human activities and therefore to understand its implications in climate change (Lambin, 2001).
Also, the understanding of the interactions between land cover and land-use in their spatial and
temporal appearances is fundamental to comprehension of land-use and land cover change (Jansen

et al., 2002). Land use/land cover changes through different process such as urbanisation,



deforestation, intensive and extensive agriculture have contributed to the climate disturbance.
Population growth too has become a world issue on this century with its consequence urban sprawl
due to human demand and development (Txomin et al., 2013). Urban sprawl one of the core LULC
change process is more crucial in the developing countries. In West Africa, there is a rapid increase
in the urban area in order to satisfy people’s needs, but, there is a dilemma in the urban planning
about how to obtain urban sustainable development. Land use/ Land cover (LULC) disappearance
and dynamics in urban areas are characterised by a process of rapid urbanisation with changes in
land use and urban morphology. These changes are caused by an expansion of planned areas, and
informal housing settlements which reduce the number of open spaces and green space,
degradation of vegetation and environment.

Cote d’Ivoire in recent times, registered increasingly more important changes in land use
in several urban areas due to various causes including population exodus and demand and
urbanisation. Many researchers have published on LULC change in several parts of Cote d’Ivoire
(Savane et al., 2001; Goula et al., 2006; Kouassi et al., 2008; N’go et al., 2013; and Yao et al.,
2015).

The results shows that, most of the land use change were due to urban sprawl. Rapid
population growth, which is the result of natural population increase and migration of population
from rural to urban areas, is identified as having an impact on the land. The use of remote sensing
tools becomes the most appropriate and common approach to classify land use and detect the
change. Recently, remote sensing data has increasingly been used in order to generate LULC (Gerl
et al., 2014). Several methods have widely been developed in previous studies on land use/land
cover classification and change using remote sensing tools and moderate or high resolution satellite

image (Landsat, Spot, Ikonos, Rapideye, quickbird and so on..) in various study areas and those



specific in urban areas can be summarized into three groups: Classic method of classification,

index calculation and Oriented based images analysis method in urban areas.

2.2.1. Classic classification (unsupervised and supervised) method.

Image classification is to (semi)-automatically label all pixels in an image into different classes
(Lillesand et al., 2004). This may be done by analysing the spectral or temporal pattern of the
pixels. Image classification can be done through two approaches unsupervised and supervised
methods.

In an unsupervised classification, statistical approaches are only applied to image pixels
without any user-defined training classes to automatically identify distinct spectral classes
(clusters) in an image data. K-means and Iterative Self Organizing Data Analysis (ISODATA) are
the two unsupervised classification algorithm. The approach requires the user to specify the
number of clusters to be generated, and then the classifier automatically aggregates the image
pixels into the required clusters by minimizing some predefined error function. The final LULC
type of each cluster can then be determined by the analyst by comparing the classified image with
ground reference data.

In a supervised classification, the analyst guides the classification procedure by clustering
pixels in a dataset into classes corresponding to user-predefined training classes also known as
regions of interest (ROISs). This classification type requires that you select training areas for use as
the basis for classification and testing data (ground control truth) for assessing the accuracy of the
classification results. Various classification methods are used including Parallelepiped, Minimum

Distance, Mahalanobis Distance, Maximum Likelihood, Spectral Angle Mapper, Binary



Encoding, Neural Network and support vector machine. In this study, the Maximum Likelihood method
which assumes that the statistics for each class in each band are normally distributed and calculates the

probability that a given pixel belongs to a specific class, was used.

2.2.2. Oriented based Image analysis (OBIA) method

To analyse the dynamics of urbanisation and their processes, it is important to get a deeper
understanding of urban morphological processes and the physical patterns of a city (Huck et al.,
2011). Therefore, it is essential to assess the dynamic of LULC within urban area by having a
particular interest in assessing the relationship between land use dynamics and built-up expansion.
Then, bring out the urban structure types because these are a key factor to comprehend change in
urban zone. Traditional, visual mapping and updating of urban structure information of cities is a
very laborious and cost-intensive task, especially for large urban areas (Wurm et al., 2009).
Nowadays, remote sensing has become an efficient tool for providing land use information and is
abound for the acquisition and mapping of the urban spatial dynamic and structure (Gerl et al.,
2014). Object-based image analysis (OBIA) is gaining rapid popularity in remote sensing science
because of the capability to link very high resolution (VHR) imagery and GIS (Dragut et al., 2014).
OBIA approach incorporates spectral, textural and contextual information in identifying thematic
classes in an image. Many ideas concerning image segmentation approaches and tools (Wurm et
al., 2009) and object-oriented classification in urban areas have been presented (Txomin et al.,
2013). OBIA is based on two main steps: segmentation and classification. Multi-scale image
segmentation is a major step in OBIA, however, most important step in OBIA until now is the
estimation of the optimal scale parameter of each class which is yet the highest challenges in

several previous study (Wurm et al., 2009; Dragut et al., 2014; Txomin et al., 2013; Huck et al.,
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2013; Dronova et al., 2015). Consequently, recent studies have developed tools and methods to

estimate scale parameter for multiresolution image segmentation (Dragut et al., 2010 and 2014).

Many researchers have worked on high resolution satellite images for urban structure type (UST)
classification by applying OBIA technigues which have been summarized in several reviews
(Bremner et al., 2010; Huck et al., 2013; Dragut et al., 2014; Dronova et al., 2015 and Singh et

al., 2014).

2.3. Weather variability

Climate change is considered to be the biggest challenge facing mankind in the twenty first
century (Osman et al., 2014). Climate change is a global issue and needs to be examined at global,
regional and local scale. Population demand, green gas emission from industrialisation and land
use change lead to severe climate variability and change such as increasing temperature and rainfall
across the world and more specifically in West Africa.

However, the use of future scenario and indices calculation of weather data for
understanding present condition and managing future hydrologic events in Cote d’Ivoire is
practically non- existent. Weather data analysis for many years were based on determining break
on the times series using some statistical methods such as Pettit and Buishand test, application of
standardised precipitation index (SPI) to bring out the wet and dry period in case of rainfall
variability and shows general trend, and inter-annual behaviour (Brou 1997; Brou, 2005; Savane
et al., 2001; Goula et al., 2006; Kouassi et al., 2008 and Fossou et al., 2014).

Climate change impact is very often related to heavy precipitation or/and increase of temperature,
which leads to extremes events including drought, earthquakes, floods and Tsunami.

Therefore, knowledge about weather variability or change is crucial for natural disaster mitigation.

Also, the availability of future weather data becomes a potential source for short term and long

11



term extreme rainfall and temperature predictions. For all that, general circulation models (GCM)
has become an important tool to generate future scenarios and helpful to predict extreme rainfall
under climate change. However, the output from Global Climate Models (GCMs) cannot be used
directly at a site because of their very coarse spatial resolution (Semenov et al., 1998). Thus,
weather generator can serve as a good computationally tool to produce at local scale specific
climate change scenarios at the daily time-step with better resolution and fit reality. Of late,
numerous climate models have been developed through Global or regional climate model to
analyse climate variability for extreme event detection.

Long Ashton Research Station-Weather Generator (LARS-WG) model which is a
stochastic weather generator specially designed for climate change impact studies is one of the
important general circulation models for future climate change. LARS-WG is a numerical model
which produces synthetic daily time series of a suite of climate variables, such as precipitation and
temperature, with certain statistical properties ( Semenov et al., 1998).0 LARS-WG has been tested
for different sites worldwide and shown its ability to model rainfall extremes with reasonable skill
(Semenov, 2008). LARS-WG too has been used in various studies, including assessment of the
impact of climate change (Goodarzi et al., 2014; Molanejad et al., 2014; Osman et al., 2014; Noori
et al., 2013; Semenov 2008; Semenov and Doblas-Reyes 2007; Semenov and brooks 1999;
Semenov et al., 1998). According to Sobhany and Fateminiya, (2014); high accuracy of climate
data modelling in different climatic stations has been confirmed by many researchers using LARS-
WG.

Rclimdex model which is a statistical package developed by WMO CCI/CLIVAR Expert
Team and ETCCDMI team for Climate Change Detection Monitoring Indices provides 27 indices
based on daily weather data including rainfall and temperature (minimum and maximum). This

model before all indices calculation test data homogeneity and quality. These indices gives more
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comprehension in analysis of variations and trends in extreme climate events (drought and floods)
which are more sensitive to climate change than are the mean values, and so have received much
attention (IPCC, 2007). Several studies have used Rclimdex for temperature and precipitation
extremes change detection (Cinco et al., 2014; Haylock et al., 2006; Yan et al., 2014; Stephenson
et al., 2014; Keggenhoff et al., 2014; Yu and li, 2014; New et al., 2006; Revadekar et al., 2011;
Gbode et al., 2015). In West Africa, Rclimdex model has been used to detect extreme events
mainly drought in sahelian zone (Ly et al., 2013,) in addition to others weather and extremes

indices models (Sarr, 2011; Ali, 2011; L’hote et al., 2002).

2.4. Historical Rainfall variability in Cote d’Ivoire

Mechanisms of rainfall distribution in Cote d'lvoire are the same to those that explain general
rainfall distribution in West Africa and especially in humid tropical zone. Cote d'lvoire has
experienced four big drought periods during the 20th century: 1943, 1968-1970, 1982-1983 and
1993 years (Brou et al., 1998 and Brou, 2005). These years of drought were due to the general
decline and reduction of rainfall amount observed since 1970 in West Africa. There are significant
differences between the thermal anomalies of the tropical Atlantic and some inter-regional
developments Ivorian precipitation (Bigot et al., 2005) Ocean correlations. The beginning of the
long period of drought since 1970 is identified by a break in the series of quasi-stationary general
rainfall observations between 1968 and 1970 (Brou, 2005). The decrease in rainfall is remarkable,
even in areas with high rainfall (1800 mm), especially in the mountainous West (Savane et al.,
2001; Saley, 2003). Beyond this general decline trend, the inter-annual variability of precipitation
in coastal areas differs from the rest of national areas. Rainfall anomalies in the coastal zones are

often less intense (Brou, 1997). This climate variability is also manifested in the seasonal scale. It
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was also accompanied by a decrease in the number of rainy days from the 1970s. Cote d'lvoire is

one of the countries bordering the Gulf of Guinea and affected by this phenomenon (Amani, 2007).

2.5. Flood Risk Assessment

Natural disaster is considered to be the biggest challenge that needs to be examined at global,
regional and local scale. Climate changes may increase the frequency, magnitude and the
seasonality of extreme events such as flood, which means that concurrent flood hazard of
importance to urban flood risk management, may occur more frequently in the future (Huong and
Pathirana, 2013; Pederson et al., 2012). Urbanisation is also an important driver of increased flood
risk in the city by increasing runoff which affects communities’ downstream (Cloke et al., 2013).
Floods are among the most devastating natural hazards in the world, claiming more lives and
causing more property damage than any other natural phenomena (Kebede, 2012; Wang et al.,
2011; Forkuo, 2011; Yahaya et al., 2010; Yalcin et al., 2004). As a result, floods are one of the
greatest challenges to weather prediction (Jeyaseelan, 2003).

In Africa, the situation is very likely to worsen as Intergovernmental Panel on Climate
Change (IPCC) projects higher frequencies and intensities of floods and droughts (IPCC, 2007)
for the continent as a consequence of climate change. Floods and flash floods cause loss of life and
property damage (Musungu et al., 2012). The demand of population growth and related
urbanisation lead to severe land use change and increasing flood occurrence in West Africa.

Urban floods result from blocked or inadequate storm sewers and are due to increased
urbanisation (Ajin et al., 2013). Urban areas have high risks of flash flooding due to the presence
of large impervious areas and sometimes inefficient drainage system (Huong and Pathirana, 2013;

Sowmya et al., 2015). Several additional indicators contribute to urban flooding, such as limited
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conveyance capacity of urban channels and rivers, as well as drains and sewers and infiltration—
inflow, and decades of urban development without upgrading of the drainage infrastructure

(Pederson et al., 2012). Other causes due to human activities such as: land degradation; deforestation of
catchment areas; Sprawl and increased population density along riverbanks (Billi et al., 2015; Mbow et
al., 2008), poor land use planning, zoning, and control of flood plain development; inadequate drainage
particularly in cities, and inadequate management. Flood hazard mapping is a vital component for
appropriate land use planning in flood areas and mitigation measures (Bhatt et al., 2014). It provides
accessible charts and maps, which can easily be read and therefore, facilitates the identification of risk
areas by planners who then prioritize their mitigation efforts (Bapalu and Sinha, 2005; Forkuo, 2011;
Wang et al., 2011; Ajin et al., 2013). Flood management is necessary not only because flood imposes
urge damage on the society, but the optimal exploitation of the land and proper management. This cannot

become technically feasible without effective use of flood hazard and risk maps (Bhatt et al., 2014).

Flood risk assessment and extent need spatial knowledge which means multisource data as drivers
becomes a potential source for more reliable flood mitigation. Multi-criteria analysis (MCA)
approach has become therefore widely used (Wang et al., 2011; Sowmya et al., 2015) to solve
complex problem and to assess flood risk. Many methods (AHP, MCE, Fuzzy and AHP-fuzzy)
have been proposed for multi-criteria decision making. Analytic Hierarchy Process (AHP) is one
of the best known and most widely used MCA approaches (Orencio, and Fujii, 2013; Yahaya et
al., 2010; Cozannet et al., 2013; Pourghasemi et al., 2014). AHP assumes complete aggregation
among several criteria and develops a linear additive model. The uniqueness of applying AHP in
different studies helps in modelling situations of uncertainty without losing subjectivity and
objectivity of any evaluation measure. Of late, considerable attention has been given to the use of

AHP in natural disasters (earthquake, landslide and flood) assessment especially flood
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management in various studies: (Savane et al., 2003; Yahaya et al., 2010; Cozannet et al., 2013;
Orencio, and Fujii, 2013; Saley et al., 2013; Chakraborty and Joshi, 2014; Pourghasemi et al.,
2014; Papaioannou et al., 2015; Nejad et al., 2015). It has been shown from these series of papers
that AHP has the ability to assess and map flood risk with good accuracy. However, it is based on
expert opinions and thus may be subjected to cognitive limitations with uncertainty and

subjectivity (Pourghasemi et al., 2014).

2.6. Flood risk in Cote d'lvoire

Climate change is causing many disasters around the world and particularly in developing
countries (Brou, 2005; Goula et al., 2006; Kouassi et al., 2008). Cote d'lvoire has recorded more
significant natural disaster including flood, droughts and coastal erosion during this last decade.
Various factors are attributed to climate change and human activities such as, changes in land use
patterns, uncontrolled urbanisation, deforestation and an increase in the frequency of heavy
rainfall. Other significant factors: inefficient urban drainage system, population growth, increasing
of impervious surface area, inadequate maintenance of the drainage channels, and debris and solid
waste disposed into drainage systems contribute and increased the risk of flooding in many parts
of Cote d'lvoire such as Abidjan, Sassandra, Grand-lahou, Grand-Bassam, Man, Facobly, Bangolo,
Gagnoa, etc. Flood and coastal erosion are the most feared events for which action should be taken
now to limit their consequences when they occur and develop mitigation strategies for future
extremes events. The growing and uncontrolled urbanisation makes many populated areas
vulnerable to flooding. Flooding causes damage to people with huge socio-economic cost such as
property damage, population displacement and loss of lives in the southern part of the country
especially in Abidjan. Most of the loss of lives recorded were people who lives in informal

settlements, valleys around drainage channels and shantytowns. The origins of floods caused by
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torrential rains are usually accentuated by inefficient drainage channels. Indeed, through ignorance
and poverty, some people dump garbage in the sewers system and thus obstruct the flow of
rainwater. However, the enormous flow of water cannot be channelled into ground and beds of
rivers or artificial facilities for their control. Also, knowledge about flooding and its assessment
and mapping remains modest because few research have been done in the country (Savane et al.,
2003; Saley et al., 2005 and Saley et al., 2013), even though the variability and unpredictability of

occurrence are great.

2.7. Definition of Concepts
This section explains the most important terminologies and concepts that are used frequently
throughout this research. It is intended to assist all readers to better understand and be familiar with

concepts described in this document and how I defined them.

2.7.1. Climate Change

Several definitions exist to understand the concept of climate change and the definition of climate
change differs from one author to another. According to IPCC, 2007, climate change refers to any
change in the climate over time, whether due to natural variability or as a result of human activities.
Another definition from the UNFCC describes climate change as a change in the climate which is
attributed directly or indirectly to human activity that alters the composition of the global
atmosphere and which include natural climate variability observed over comparable time periods
(IPCC, 2001). Considering both definitions, climate change refers to a significant statistical change

of some parameters of the climate systems persisting for long periods.

2.7.2-Land use/Land cover
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Land cover is the biophysical attributes of the earth’s surface, i.e. the ecological state and physical
appearance of the land surface (which includes vegetation, snow, ice field, water bodies and
structure). On the other hand land use is the human use of land. Land use involves the land
transformation or modification of natural environment which is a result of man-made process of
changing the land use from one type to another e.g. transformation of forest area to an agricultural
crop or transformation from pasture land to a residential area (Doka et al., 2002). Thus changes in
land use and land cover is said to have a major impact on the global earth system with mostly

negative consequences for both ecosystems and social systems (Lambin, 2001).

2.7.3-Hazard

Hazard is considered a physical phenomenon, natural and non- manageable, occurrence data and
intensity that can cause damage by overflow stream and the extension of the field in the water
flood. According to MEDD, (2000), hazard refers to hydro climatic phenomena and their impact
on the flow of water. In technical settings, hazards are described quantitatively by the likely
frequency of occurrence of different intensities for different areas, as determined from historical

data or scientific analysis.

2.7.4. Vulnerability

Vulnerability expresses the level of foreseeable consequences of a natural phenomenon on issues
(Mate, 2001) and in relation to hazards and disasters, vulnerability is a concept that links the
relationship that people have with their environment. VVulnerability is conditional on a hazard and
changes continuously over time. It is driven by physical, social, economic and environmental

factors (Thywissen, 2006)
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Flood vulnerability mapping is the process of determining the degree of susceptibility and
exposure leading to flooding. These issues includes people, goods and socio-economic activities
likely to be affected both quantitatively and qualitatively by a natural phenomenon. On the other
hand, it is the most crucial component of risk in that it determines whether or not exposure to a

hazard constitutes a risk (Ouma and Tateishi, 2014).

2.7.5. Flood risk Assessment

A flood is generally defined as an excess of the amount of discharged water compared to the
drainage capacity (UNISDR, Global risk data platform). Risk can be considered as a function of
the hazard event and the vulnerability of the elements exposed (Birkmann, 2007). The risk
associated with the exposure of large concentrations of people and economic activities to intense
hazard events, which can lead to potentially catastrophic disaster impacts involving high mortality
and asset loss.

A flood risk is a result of the combination of two components: Hazard and vulnerability (Ouma
and Tateishi, 2014) and also a product of three major elements: exposure to hazards, the frequency

or severity of the hazard and the vulnerability (Birkmann, 2007)

CHAPTER 3: MATERIALS AND METHODS

3.1. Study area

The District of Abidjan is located in the south of Cote d'Ivoire between latitudes 5° 10” and 5° 38’
North and longitudes 3°4° and 5°21° West. It is composed of thirteen (13) municipalities since
2001, ten (10) municipalities in Abidjan and three (3) others namely Bingerville, Songon and
Anyama and covers an area of approximately 2,119 km?. According to the National Statistical
Institute (INS, 2013), Abidjan District has about 4,739,752 inhabitants in the metropolis, and
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4,460,355 inhabitants in the main city, which represents 20.3% of the national population. In
addition, this population is constant growth process mainly as a result of high industrialisation and
urbanisation as well as high internal migration due to the later political crisis in the country.
Abidjan (Figure 3.1) is bounded:

* Inthe south by the Atlantic Ocean;

* Inthe southwest by the Prefecture of Dabou;

* In the west by the Prefecture of Grand Lahou;

* In the north by Agboville Prefecture;

» Inthe south-east by the Prefecture of Grand-Bassam;

» Inthe east by the Prefecture of Alepe.
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3.1.1. Climatic context
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Figure 3.1: Location of the study area
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The movement of the Inter Tropical Convergent Zone (ITCZ) determines the climate in Cote

d’Ivoire (Saley, 2003). The study area has an equatorial transition climate (Attieen Climat)

characterised by four seasons in the annual cycle: two dry seasons and two rainy seasons.

*Long dry season from December to March;

* Long rainy season from April to July;
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*Short dry season from August to September;

*Short rainy season from October to November.

In recent times, the distinction between the seasons is not well pronounced. This was be attributed to
climate variability/change.

The Abidjan District has three (3) rainfall stations located at Bingerville, Adiopodoumé and
Abidjan airport. These stations measure and make available monthly data except Abidjan airport
station which measures and makes available both monthly and daily data. Hence, daily temperature
(minimum and maximum), rainfall and solar radiation data was only available for the Abidjan

airport station.

3.1.1.1. Precipitation

For the characterisation of rainfall fluctuations that have affected the District of Abidjan.
The study conducted an analysis of the spatio-temporal variation of monthly and annual rainfalls (Figure

3.2).
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Figure 3.2: Annual rainfall trend from 1961-2012
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The high annual rainfall recorded in the District of Abidjan during the period 1960-2012 ranged
from 2800 mm in 1963 to 1020 mm in 1990, with an average of 1910 mm. Generally in the 1960s,
the annual rainfall ranged between 2000 and 3000 mm. After 1987, there was a drop of this rainfall
that oscillated between 1500 and 2200 mm. This is a reduction of more than 500 mm of rain

compared to the 1960s.

Also, the observation of highest average monthly rainfall from 1960 to 2014 shows that

June and sometimes May are the rainiest month of the District of Abidjan (Figure 3.3).
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Figure 3.3: Variability of average monthly rainfall of Abidjan from 1961-2012

3.1.1.2. Relative humidity
The relative humidity of the Abidjan District is between 80 % and 90 % (Figure 3.4). The

months of July, August and September are more humid with relative humidity above 86 % while

those in November, December, January, February and March are less humid.
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Figure 3.4: Average monthly relative humidity of Abidjan from 1961-2000

3.1.1.3. Temperature

The temperatures in the District are higher from February to March and November. There
is a slight decline between the months of June and October. Figure 3.5 shows that the average
monthly temperatures for the period 1960 - 2012 fluctuated between 24-28 °C. The months of
March and April are the hottest months with a monthly average temperature above 27°C. The
months of July to September (rainy season) are the least hot, with a maximum temperature equal

to 24.5°C (Figure 3.5).
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Figure 3.5: Average monthly temperature from 1961-2012

3.1.1.4. Relation between temperature and precipitation

After completing ombrothermic diagrams (comparison between temperature and rainfall
charts) of Abidjan (Figure 3.6) over the period 1961-2012. It was noted that temperatures were

low during the months of heavy rainfall and high during the months of low rainfall.
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Figure 3.6: Ombrothermic diagram of Abidjan from 1961-2012
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3.1.1.5. Relation between annual rainfall and two rainiest months

A comparison between annual rainfall and rainiest months of the respective years of the Abidjan
District was carried out to analyse the trends from 1960 to 2012. The comparison revealed that, in
general, the annual rainfall variability (rise and fall) is mainly related to the total rainfall recorded

in the month of June (Figure 3.7).
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Figure 3.7: Plot of annual rainfall for two rainiest months (May and June) from 1960-2012

3.1.2. Topography

3.1.2.1. Relief
According to Tastet (1979), three geomorphological could be found in the study area (Figure 3.8):

* highlands into two levels, 40 to 50 m and 100-120 m, represented by the mounds of Continental

Terminal north of the lagoon Ebrie;

* means plateaus ranging from 8 to 12 m, are the outcrops along the shoreline of the

Quaternary;

» Plains and lagoons are all the more collapsed.
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Tertiary high plateaus were cut by deep valleys and were covered with secondary forests and plantations

in North and South Savannah Palmyra.
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Figure 3.8: Digital Terrain Model (DTM) map of Abidjan

3.1.2.2. Soils

According to Papon and Lemarchand (1973), the soils of the study area belong to the class of
highly desaturated lateritic soils, depleted-modal, on tertiary sands (continental terminal).
However, the iron formations (levels gravel, fragments of armor and ironstone), classified in
depleted soils are more or less reworked frequent in west of Abidjan in northern and southern
border. Also, the sedimentary soil of Abidjan developed on Neogene collection consists of more
or less clayey sands classified in the group of waterlogged soils. Hydromorphic soils in turn are at
the estuary and near the main river. Depending on the importance of organic accumulation, two

subclasses of waterlogged soils have been distinguished:
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(i)Mineral hydromorphic soils that grow on alluvial river terraces and valley bottoms,
periodically inundated by floods and ancient sands of the coastal band where the oscillations of
water cover the entire profile (Humo-ferruginous layer). These soils are characterised by the
presence of patches of waterlogging in the topsoil or in the underlying horizon depth pseudo-gley
(mottled horizon grey rust and yellow ocher) reflecting alternating oxidizing and reducing
conditions gley or (more or less mottled bluish gray horizon) reflecting reducing conditions can
develop.

The pseudo-gley soils (to stains and concretions) and which most often gley (leached or all) grow
in low funds and small valleys of colluvial-alluvial material. In floodplain soils pseudo-gley are
more common and are associated with poorly developed soils and waterlogged modal input of

alluvial material.

(i)Organic hydromorphic soils that are represented in areas of swamp forest or grass origin,
are permanently waterlogged throughout the year. These soils located on plateaus and moderate
slopes (less than 3%) include two series: one series sandy and sandy loam series, the two sets are
not separated on the sketch, only the depleted soil subgroup is modal noted. Soil slopes are more
clayey in the top of the slope and very sandy in the lower slope. Fertility traits of these soils are
medium, with soil depth, although its physicochemical properties are very low when it falls below

a few centimetres of the topsoil.

3.1.3. Vegetation

Abidjan District has a dense forest vegetation type, and is part of attieen domain (Figure
3.9). There were many protected areas consisting of classified forests (M'brago, Djibi, Bedasso,
Tagbadie, Languededou, Audoin, Mafe, and lle boulay) and the Banco National Park. The

vegetation which is characterised by the presence of large trees that may exceed a height of 50 m.
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This forest has a closed canopy and as such maintains a warm and humid climate in southern of
the study area. Thus, the defoliation of trees never affects the whole species’ perpetual refoliation
process is observed at the same time. However, there are few large trees, with thick woods. This
degradation is caused largely by human activities including industrialisation, extensive agriculture,
and also due to very poor soil or shallow soil. The shallow areas were characterised by the presence

of palm oil, bananas, coconut and cashew plantations.
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Figure 3.9: Vegetation map of Abidjan

3.1.4. Hydrogeological and geological context

3.1.4.1. Hydrological system and flooding Flow

= Hydrological system

Abidjan District has an equatorial transition system (Morell and Toillier 1973). This system covers the
southern part of the Cote d'lvoire on the south by a line Abengourou-Toumodi-Soubre
(Sassandra region, Abidjan, etc.) in an area where the vegetation is a forest type (Morell and Toillier,

1973).
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The temperature variations are low because they are highly buffered by the oceanic influence. The
harmattan season has very little influence on annual averages. The flow of rivers depends on many
factors including soil, the structure of the river system, evaporation, etc.

The area is drained by numerous rivers which have their hydrological regime influenced by
precipitation (Figure 3.10). The influence of rainfall is very prominent on these factors. The

hydrological regime is therefore apparently related to rainfall.

O Drainage
The drainage system of the District of Abidjan is average, and the regime is essentially irregular. This

network is characterised by eight (8) streams orienting three (3) major directions:

(i) Banco, Gbangbo, Agneby and Anguédégou of north-south drain trays and empty into the lagoon
Ebrie;

(i1) Nieke, a tributary of the Agneby, direction North-East to South-West;

(iii) Djibi, Bete and Lame, management northwest-southeast flowing into the lagoon Aghien.

All these rivers have essentially a drainage function vis-a-vis groundwater. During the rainy

season, the flows are strong with large floods, and unlike in the dry season when the flow decreases

and ponds dry up.
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Figure 3.10: Hydrography of Abidjan District

3.1.4.2. Hydrogeology

The District of Abidjan is composed of homogeneous and highly permeable aquifers. The
lithological column of the mainland sedimentary basin highlights sands, sandy clays and clays.
The sedimentary basin reservoirs which have an important role in the hydrogeological network are
three in number (Aghui and Biemi, 1984):

- Quaternary aquifer;

- Continental Terminal aquifer of Mio-Pliocene age; - Aquifer Maastrichtian.

3.1.4.3. Geology

The study area lies across the sedimentary basin in the south and the Precambrian basement in the
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North. The Precambrian basement in the Abidjan area consists of Precambrian metamorphic schist age
means (Birimian). The study belonging to the lvorian coastal sedimentary basin (which represents only
2.5% of land area) area is Cretaceous-Quaternary and is composed of post-training

Eburnean (Loroux, 1978). However the Mio-Pliocene age formations, commonly called

Continental Terminal, from the Quaternary of the last episode of sedimentation basins of West
Africa. The Continental Terminal has been characterized by (Aghui and Biemi, 1984) and consists

of a lenticular stratification, coarse sand of variegated clays, ironstone and iron ore (Figure 3.11).

On the tectonic map, the visible part of the basin is divided into two unequal parts by a known fault
"fault lagoons" of East-West direction (Tastet, 1979) with a rejection of up to 5000 meters and
through Grand Lahou Akounongbe and Allangouanou (Ghana). This major accident lagoon is a
normal fault extremely important distension, related to the opening of the Atlantic. This fault

separates the basin into two distinct areas:

- North, sediment recovery has a monoclinic structure because all the beds dip to the south
and the thickness is about 300 m. The Continental Terminal is major unconformity on the base

through the basal conglomerate formed of gravel and quartz (Aghui and Biemi, 1984);

- In the South, a deep trench collapse where the foundation sinks to about 5000 m.
Sedimentary formations in the Greater Abidjan consist of clays and sandy clays, sands and

sandstones, conglomerates, glauconitic sand and marl (Aghui and Biemi 1984).

It should be noted that the sedimentary basin deepens from north to south with an average gradient

of between 6 and 9%.
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Figure 3.11: Geological Map of the District of Abidjan

3.1.5. Socio-economics and human environment

3.1.5.1. Socio-economic aspects

Abidjan District is the economic capital of Cote d'lvoire and is the most populated city in
Frenchspeaking countries within West Africa. It is also the second largest French-speaking city
and the third largest metropolitan area. Considering West African or African cultural centre,
Abidjan area knows a perpetual growth characterised by high industrialisation, business and
urbanisation, added to the political crisis that the country has gone through in recent years; urban
sprawl has increased due to mass displacement of population to the capital and its surroundings
(Figure 3.12). According to the national statistical institute (INS, 2013), it has a population of
about 5 million inhabitants, an urbanisation rate of 95.8%. It has four urban centres: The main city
Abidjan is composed of ten (10) municipalities as cosmopolitan city and the municipalities of
Anyama, Bingerville and Songon are the other three urban centres of the District. Abidjan is also

characterised by continuous uncontrolled urbanisation growth (near rivers, the drainage networks
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and even in areas prone to natural disasters) due to demography growing which creates gaps in the

context of climate change and anthropogenic impact related to safe environment and healthy life.
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Figure 3.12: Population growth of Abidjan from 1998-2014 (INS, 2014)

3.1.5.2. Human Environment

The estimated population of Abidjan’s District which is about 5 million is composed of more than
160 nationalities and Ivorian people, especially indigenous Ebrie, Attie and M'Batto live in perfect
harmony with a large foreign community, mainly from the ECOWAS countries. The crisis
situation experienced by Cote d'lvoire from 2002 to 2011 has had serious repercussions on the
population of the study area. Indeed, the crisis led to a vast movement of population from northern,
central and western regions to the southern part of the country especially in Abidjan District where
the population grew as a consequence of migration creating a framework for environmental

unhealthy and unsuitable lives for the majority of the population.
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3.2. Dynamic of Land use / land cover

The land use and land cover (LULC) dynamics is an important component to better understand the
land patterns induced by human activities and therefore to understand its implications in climate
change (Lambin, 2001). Several methods have widely been developed to study the land use / land

cover changes.

3.2.1. Data acquisition and Pre-treatment

In order to analyse the trends in land use/ land cover change in Abidjan District, three Landsat imagery
were used. These images were selected based on time coverage, and amount of clouds.

The study area is covered by two (2) different Landsat scenes 196-56 and 195-56. Landsat TM and
ETM+ images for the years 1990, 2002 and 2014 were downloaded from the United States

Geological Survey's (USGS) (Table 3.1). Images that had a cloud cover of less than twenty percent

(20 %) were considered for download specifically from Climate Data Record (CDR) which was
defined by the National Research Council (NRC) as a time series of measurements with sufficient
length, consistency, and continuity to identify climate variability and change. It was assumed that,

12 years between the images is large enough to allow identifying dynamism and changes in land

use and land cover.

Table 3. 1: Landsat satellite data acquired for the years 1990, 2002 and 2014
Scene ID Date of acquisition

196 - 056  1990/12/14  2002/03/18 2014/04/12
195-056  1989/01/02  2001/02/02  2013/06/05

Legend: TM: Landsat Thematic Mapper, ETM+: Landsat Enhanced Thematic Mapper Plus, OLI:

Landsat 8 Operational Land Imager
The first step of the pre-processing procedure was to do radiometric correction on each Landsat

scene, using Landsat 8 OLI as reference. Afterwards, all bands were combined as one file using
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layer stacking follow by mosaicking of the two scenes. After these steps the study area was masked
from the mosaic image. Different color composite was generated to differentiate each class with
various color band combination using remote sensing and GIS guide from the center for
biodiversity and conservation and geospatial innovation facility collaboration. For instance, the
band combination R7, G5, and B3 was very useful in identifying. Later, image enhancement was
done to improve visual identification and interpretation of the possible land use/cover classes.
However, several other image composites or bands combination were done to find and improve
land use/land cover class identification and reduce confusion among classes. This procedure

helped to have better view for each identified land use/cover class during the field data collection.

3.2.2. Data collection and processing

From this historical Landsat data, three land use/cover classes were finally identified and described
broadly as follow:

- Vegetation: Forest (land cover dominated by trees with important crown density and
National park), cropland ( Cashew plantation, Palm oil plantation, banana plantation,
coconut plantation, and food crop), and newly cleared land for agricultural purpose;

- Water body: lagoon Ebrie and Aghein and some other rivers;

- Settlement: represents built up areas and bare soil (because of their close reflectance value).

The number of classes was kept to a minimum since this study focused more on
urbanisation dynamics and also reduced the confusion between classes and improved

classification accuracy.

Afterwards, field campaigns to generate reference data (for validating results) were organised
within the study area for each identified land use/cover class. Several ground control truth point
were recorded randomly with GPS based on each land use/land cover classes.
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3.2.3. Image classification and Validation

The three Landsat data were classified to reveal changes in land use/land cover between 1990,
2002 and 2014. Supervised classification was carried out for each satellite image (1990, 2002,
2014) separately using the maximum likelihood algorithm based on the collected training data site.
For each land use/cover class, the maximum training and validation samples were implemented. The
number of region of interest built in each classification was more than 3000 respectively.

Hence, more than 100 ground truth points were randomly selected for all identified land use/land
cover classes collected from the field for validation and accuracy assessment for 2014 years. The
same classification algorithm was used to classify images of the years 2002 and 1990. However,
for these periods, validation of classification was relied essentially on sites where there was no
change (identified from the current image and the oldest ones), using existing land use maps in
that period or near. Also, historical LULC information was recorded to derive knowledge of the
LULC changes that have occurred on the surveyed sites between 1990 and 2002 from the national
center of mapping and remote sensing. Sample from spot image from 1990 with 10 m resolution
too was recorded. Accuracy assessment was performed independently for each image period using

Envi post classification assessment.

3.2.4. Post-classification

Image classification accuracies were determined by applying statistical analysis for validation
based on confusion matrix and Kappa. Overall accuracy, producer's accuracy and user's accuracy
were also determined. The confusion matrix provides information on the correct and incorrect
prediction made by a classification algorithm by comparing a classified map with ground
information. The 2014 classified image was validated using the ground truth data collected during

the field campaign. However, because there was no sufficient past land cover information and no
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aerial photography at these specific period, a different approach was used to assess the reliability
of the 1990 and 2002 images classification based on areas with no change, maps , sampling within
high resolution image (spot) as GCT and historic land cover information from years nearly close.
From visual observation and all these information recorded, areas with similar characteristics and
spectral signature between these old images have been selected. This allows classification for these
previous dates and enhances the accuracy of the classification process. At the end of the

classification process, all files have been saved as Geotiff before further GIS analysis.

3.2.5. Land Use Change Detection

From aforementioned, in this study technique for image classification and post-classification were
applied in Envi (Figure 3.13) while land use change detection was applied in Geographic
Information System (GIS) interface. The three (3) classified images were saved to TIFF format
and opened in ArcGIS. The new land use TIFF images were then converted to polygon for change
detection analysis, and later extracted by mask using the study area polygon in spatial analyst tools.
Then in the same spatial analyst tools, the three (3) classified were compared two by two as initial
and final images using combine method. The resulting combined image obtained table attribute

allowed land use change detection analysis by observing where there was change and no change.
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Figure 3.13: Flow chart for spatio-temporal dynamic of land use/land cover in Abidjan

3.3. Normalized Difference Build-up Index (NDBI)

Normalized Difference Build-up Index (NDBI) data were obtained from Landsat 5, 7 and 8 images

in 1990, 2002 and 2014 respectively and comprises the composites of the Near-Infrared (NIR), Mid-
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Infrared (MIR). This NDBI was applied in this study to highlight urban area compared to other classes
such as vegetation and water bodies. According to Singh et al., 2014, Normalized difference building
Index (NDBI) is used to increase the accuracy of classification and also it assumes that the use of
spectral indices has many advantages:

— highlights a particular type of land cover (e.g. vegetation, water, etc.);

— compensate background effects;

— normalize the effects of atmospheric distortion caused due to sun angle, viewing angle etc.

The computation of NDBI is described by the given equations (3.1)

NDBI O Omir OOnir (3.1)
Omir OOnir

where, NIR and MIR are, respectively, the near infrared and the middle infrared and correspond to
Band 4 and 5 for Landsat 5, 7 and Band 5 and 6 for Landsat 8. NDBI generally is brightness

sensitive.

3.4. Urban Structure Types classification

In order to analyse the urban structure types in Abidjan District, spot 5 image with 10 m of
resolution from 2013 has been used and apply in eCognition version developer 9 software. This
image was selected based on available data. Get deeper comprehend of current Abidjan urban
structure types under land use dynamic and vulnerability to flood risk using Oriented Based Image
Analysis (OBIA) approach. Up to now, the use of OBIA method and eCognition developer
software to do urban structure type classification in Cote d’Ivoire is practically not existent. So

this new approach of classification bring more details in urban area classification by being able to
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discriminate vegetation, industry area, public services, formal residences and informal settlement

areas.

In this study, the classification of SPOT data set was based on OBIA approach using a rule set
based method which consists of several steps. Estimate scale parameters, the so called
multiresolution segmentation and classification. The rule set based method through process tree

serves for clarity and illustrates the steps carried out when and how.

3.4.1. Estimation of scale parameter

After several training, three scale parameters were used which are 20, 30 and 50 in the
multiresolution image segmentation. This was the best selected scale parameters to discriminate
the different area and classes before doing the classification. However there is an existing tool for
estimate the scale parameter (Dragut et al., 2014) but it is not applicable in the last version
eCognition Developper 9 (Trimble) that was used in this study. Normally, this ESP tool
automatically segments the user defined data with fixed increments of scale parameter, and
calculates a local variance (LV) as the mean of standard deviation (SD) of the objects for each
object level obtained through segmentation (Dragut et al., 2014). Then the Graphics of local
variance (LV) are used to evaluate the appropriate scale parameters, relative to data properties of

the scene.

3.4.2. Image segmentation

Segmentation is the process of dividing remotely sensed images into discrete regions or objects
that are homogeneous with regard to spatial or spectral characteristics. The first step in the object
based image analysis (OBIA) was segmentation of the SPOT image into several objects as

homogeneous objects (cluster of pixels) with multiresolution segmentation tool in eCognition
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Developer 9 software (Trimble). Multiresolution segmentation allows for flexibility in output

object sizes.

In this study, three segmentations were done: S1, S2 and S3 based on the multiresolution
segmentation algorithm. In addition to multiresolution segmentation, spectral difference
segmentation was used to differentiate and merge objects with the same spectral difference using

the spectral difference 5 and 7 as scale parameter to couple them with the two first segmentations.

After segmentation using both methods, areas of homogeneous morphology within the study area
were grouped together based on their physical appearance and image object information existing
in object feature such as customized where some index calculation including NDVI and Ratio
(NIR/Red) were done; layer value including mean of Brightness, Green, Red, NIR and maximum
difference and standard deviation of Green, Red, and NIR; then geometry extent (Number of pixel)
and geometry shape (compactness, density, rectangular fit values), (Figure 3.14). All these image

object information were used in the final step which was object classification.

42



Image Object Information

Feature Value

Image Object Rela...
Object features Customized
N+R 240.86
NDVI 0.1055
Ratio 1.236
Layer Values Mean
Brightness 116.42
Green 123.21
Max. diff. 0.2707
NIR 133.14
Red 107.73
Layer Values Standard deviat ...
Green 10.55
NIR 2650
Red 3.196
Geometry Extent
Area 406984 Pd
Geometry Shape
Compactness 3699
Density 1.481
Rectangular Fit 0.5632

Figure 3.14: Image object information
3.4.3. Oriented object classification

Urban structure type’s classification was also conducted using process trees method to do
hierarchical image classification (Figure 3.15). The image objects were assigned to a class based
on its individual membership value that means image object information to the corresponding
class. The classification process is a hierarchical process where objects in the optimized
segmentation level are classified first until the final classification is reached on the basic
segmentation level by merging homogeneous urban morphology selected object in one class
industry, high and medium residences as formal residence and informal residence, publics’
services, bare soil, vegetation and water respectively. This method requires specifying a set of class

discriminating attributes a priori from a potentially large number of various object variables
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Process Tree

== Segmentationl

Classifiacation 1
L unclassified at Level 0: Cropland 2
.4 unclassified at Level 0: Cropland
..M unclassified at Level 0: Vegetation
L unclassified at Level 0: Water
bL at Level 0: Dense Vegetation
Segmenation 2

Classification 2
QL unclassified at Level 0: Indus1
.2 unclassified at Level 0: Vegetaion 2
YL unclassified at Level 0: Grassland
2L unclassified at Level 0: Road
YL unclassified at Level 0: Indus 2, Indus 3
- ’!( unclassified at Level 0: remove classification

Spectral difference segmentation

Classification 3

- unclassified at Level 0: Indus 4

YL unclassified at Level 0: High residence, Medium residence
YL unclassified at Level 0: Public services

2L unclassified at Level 0: Publics services 2

Segmentation 3

Classification 4
L, unclassified at Level 0: Indus 6

Figure 3.15: Process tree development for segmentation and classification
3.5. Climatic variability methodology approaches.

Several statistical methods were used to assess the variability of hydroclimatic data within the
study area. A long time series of rainfall and temperature data of about 52 years from 1960 to 2012

were used to compute: mean (7), minimum, maximum and standard deviation (o).

3.5.1. Standardised precipitation index (SPI)

For the analysis of hydro-climatic variables, the annual rainfall average was calculated and rainfall
index (RI) through SPI, which is a reduced centre variable calculated on annual precipitation to
highlight fluctuations in rainfall patterns. It is the ratio of the difference in inter-annual to average
standard deviation of annual precipitation amounts. Standardised precipitation index (SPI) play a
very important role in determining precipitation fluctuations (wet, normal and dry period).
Nicholson et al. (1988) cited by Paturel et al. (1997) have defined an index which is calculated for

each year and expresses itself, given by the following equation (3.2):
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RIO (3.2)

Where:

RI: Rainfall Index

Xi: Rainfall year i (mm)

X: Height of average rainfall over the period of study (in mm) o

= standard deviation of the rainfall over the study period.

Standardised precipitation index (SPI) determines a reduced centred variable (Lamb, 1982) cited by
Servat et al., (1998).

Inter-annual average of a series is the index zero (0) by the method of SPI.

* A normal period is a period during which the same fluctuation observe either side of the abscise
axis. In this case, the average is approximately equal to average of the total rainfall. O For a wet

period, the annual average is greater than the average of total rainfall.

» Finally, the dry season is a period where the annual average is less than the total average rainfall.

« Later, rainfall index (RI) were filtered using the low-pass Hanning filter of order 2 and it was

applied to remove seasonal fluctuations. Each term of the series was weighted as follow:

X0 0.06Xqz00.25X 1) 00.38 Xy 00.25Xasy 00.06X oy pour30t O (n2) (3.3)
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where X(t) are the weighted of total rainfall observed in the term t; X(t-2), X(t-1): are the
observed total rainfall of the two terms immediately preceding the term t; X(t+1) and X(t+2)

are observed total rainfall of the first two terms following the term t.

The total rainfall weighted for the first to X(1) and X(2) and the last two terms X(n-1) and

X(n) of the series is determined as follow:

® X(l) o 0.54X(1) DO.46X(2) (34)
° X(z) o 0.25)((1) DO.SOX(z) DO.25X(3) (35)
e Xmoy O 0.25X o2 00.50X no1y d0.25X ) (3.6)
*  Xm0O 0.54X,) 00.46X(hoy (3.7)

3.5.2. Detection of changes within rainfall series

KHRONOSTAT software program developed at the Science House of water (ESM) of Montpellier
(Lubes et al., 1998) includes various statistical tests. These analyses are specific for variable
change behaviour within the time series. The first category was testing the randomness of the series
(correlation test on the rank and auto-correlogram). They cover the constancy of the mean of the
series throughout its period of observation. Then, the time series was analysed using four (4)
statistics test methods for detection of breaks within time series: Buishand test (1982), Pettitt test
(1979), the procedure of segmenting series of rainfall so called Hubert test (Hubert et al., 1989)
and the Bayesian of Lee and Heghinian test. These entire tests were following at end by a normality

test.

- Buishand test: is a parametric test and supposes, under the null hypothesis that the values

of the testing variable are independent and identically normally distributed. Under the
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alternative hypothesis, it assumed that a step-wise shift in the mean (a break) is present.
This test is capable of locating the period (month or year) where a break is likely.

- Pettitt test: recognised by its robustness, the test is non-parametric and derived from the
wording of the Mann-Whitney test. The null hypothesis is that the data is independent,
identically distributed random quantities, and the alternative is that a stepwise shift in the
mean is present.

- Procedure for segmentation (Hubert et al, 1989): this method is to cut the series m
segments (m >1) so that the average calculated on any segment is significantly different

from the average of the adjacent segment. This procedure is seen as a test of stationary. If

the procedure does not accept segmentation of order greater than or equal to 2, then the hypothesis
invalid (stationary series) and is accepted.

- Bayesian from Lee Héghinian (1977): this procedure is used for searching average
change in the sequence of independent random variables. It assumes that a change in
average exists in a time series, and then considers the probable date of this change and the

magnitude of the change made. A significance level of 10% was used for testing.

3.5.3. Gumbel distribution method

Gumbel method or frequency analysis of a long series of precipitation using statistical adjustment
to estimate the return period of a particular value of these data series. This prediction is based on
the definition and implementation of a frequency which is a model equation describing (modelling)
the statistical behaviour of a process. These models describe the probability of occurrence of an
event of a given value. It is the choice of the frequency model (and in particular its type) that
depend the validity of the results of the frequency analysis. A frequency model often used to

describe the statistical behaviour of extreme values is the statistical distribution of Gumbel (double
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exponential law or Gumbel). The distribution function of the Gumbel distribution F (x) is

expressed as follows:

F(x) DexpO0000Oexp0000 __ xObadOOOOOD (3.8)

a a
reduced with the following variable: u X g

3.9) b

Where a and b are the parameters of the model Gumbel.

The distribution is then written as follows:

F(x) O exp(Oexp(0Ou)) (3.10)

u O OIn(OIn(F(x))) (3.11)

The advantage of using the reduced variable is the expression of a linear quintile given by this equation:

XqOaObug (3.12)

Accordingly, when the series of points to be adjusted may be carried in a system of axes x — u; it
is possible to adjust a line that best passes through these points and to derive the two parameters a
and b of the law. Two different methods of adjustment have been used in this study: graphical

method (adjustment to the eye or using a statistical regression) and moment’s law method.
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In practice, it is essentially to estimate the probability of exceeding F (xi) to be assigned to each X;

value. There are numerous formulas for estimating the distribution function using empirical
frequency. They are all based on sort of the series by increasing values for associating with each
value its rank r. Various simulations have shown that for the Gumbel distribution, it is better to

use the empirical distribution of Hazen. It is given by this formula:

rad 0.5
_n (3.13)

Where r is the position in the data set sorted by increasing values, n is the sample size, x [r] the value of

rank r.

Let us recall that the return period T of an event is defined as the inverse of the frequency of occurrence

of the event. Either:

T1._  0OFX) (3.14)

This study, limited itself to the estimation of annual maximum daily precipitation and appreciated
the correlation coefficient between the measured and estimated precipitation. This procedure

follows different steps:

Step 1: Preparation of the data series: means reorganisation in ascending order and ranking each value.
Step 2: Calculate the empirical frequency for each row (Hazen, equation (3.13)).
Step 3: Calculate the reduced variable "u" of Gumbel (equation (3.9)).

Step 4: Graphical representation of pairs (ui, Xi) in the series to be adjusted.
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Step 5: Fitting a linear relationship such couples (ui, i) and deduced the two parameters a and b.
With an adjustment of graphical method, estimation were made for the parameters a and b values.

The method of moments is to match the times of the samples with the theoretical moments
of the law. By the method of moments the parameters a and b were calculated according to the

formulas:

Or n « (3.15)
Da000ObO
00

with: 00 0.5772 (Euler's constant).

With: e: standard deviation of the sample values.

p: mean of sample.

Therefore it is possible to estimate the annual maximum daily rainfall whose graph is a straight

AN AN AN

line equation: Q O albOu (3.16)

Where u: reduced variable (see equation (3.9)).

3.6. LARS-WG and rclimdex models

3.6.1. LARS-WG model processing

LARS-WG is a model for simulating times series weather data for a station. In this study, 50 years
of observed daily weather data (precipitation, maximum and minimum temperature and solar

radiation) have been used with LARS-WG (a stochastic weather generator model) and considered
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as baseline for the different process. Precipitation was considered as the primary variable in this
study for analysing flood event occurrence in the future and the other three variables come as

secondary variables to obtain an overall understanding of future hydro-climatic events.

In LARS-WG, the process of generating synthetic weather data can be divided into three distinct
steps: calibration or site analysis, validation or Q-test and Generator or generation of future data
based on normal distribution. The seasonal cycle of means and standard deviations was removed
from the observed performance, and the residuals approximated by a normal distribution. These

residuals were used to analyse a time correlation of each variable.

3.6.1.1. Model calibration
Model calibration is done in LARS-WG by implementing SITE ANALYSIS which analyses observed

daily weather data (precipitation, maximum and minimum temperature and solar radiation) of Abidjan to
determine their statistical characteristics. The resulting information is stored in two parameters files and

later used in the generation process.

3.6.1.2. Model validation

In this step, the statistical characteristics of observed data are compared with those of synthetic
data generated using the parameters derived from the original observed data by applying the Qtest.
Several statistical tests: chi-squared test, Student's T-test and F-test were used in order to determine
whether the distributions mean values and standard deviations of the synthetic data were
significantly different from those of the original observed data set. Then, the ability of LARS-WG

to simulate the data at the chosen site was assessed.

3.6.1.3. Generation of Climate Scenario
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LARS-WG model generates synthetic future weather data by combining a scenario file containing
information about changes in hydro-climatic data (precipitation, minimum/maximum temperature,
solar radiation and PET) based on baseline weather data (50 years of observed data) at Abidjan
site. Baseline parameters were adjusted by the changes for the future period and the emissions
predicted by IPCC Global Climate Model for each climatic variable of the grid covering the site.
In this study, IPCC Global Climate Model: HadCM3 and SRA1B emission were used to generate
fifty (50) future years predicted weather data for the periods of 2011-2030, 2046-2065 and

20652099.

3.6.2. Rclimdex model processing
27 different climate indices recommended by a joint WMO CCI/CLIVAR Expert Team and

ETCCDMI team for Climate Change Detection Monitoring Indices. These indices have been
developed to characterise the intensity, duration and frequency of extreme events via daily
information, and / or define relevant derived variables. The software "rclimdex" provides an
appropriate template to calculate these indices efficiently. The originality of rclimdex is to make
quality control tests even on daily data that do not follow a normal statistical distribution.

The calculation of climate indices requires first making quality control test and secondly
homogenization test on the data sets used. The periods 1960-2010 and 2011-2100 were chosen as

climate normal period to calculate the indices of climate extremes of Abidjan District.

3.6.2.1. Quality Control test

The method of quality control is to help the user to identify registry errors that may exist on his
daily data. The main steps for the quality control of the data in rclimdex can be summarised in the
following steps:

» replace missing data by -99.9 values which is code that rclimdex model required for missing data,
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* have not more than 365 to 366 daily observations per year;

* Negative rain (prcp <0)

*  Tmax <Tmin

* Repeat on consecutive days in the same variable value (Tmin, Tmax or rain)
* sudden jump in the time series (rupture or average change)

» Detection of aberrant values defined as a value outside the range climate known in the locality

3.6.2.2. Homogenization

Homogenization means correction of data sets with artificial discontinuities due to changes in
observation networks (moving station, change instrument measuring change in the immediate
vicinity of a station, changing observer, etc.). These artificial discontinuities are present in most
climate records and may interfere with the actual climate variations. Detection and correction of
these breaks are needed to build climate databases that will be used to analyse the climate
variability under present condition and its evolution in time later because the artificial
discontinuities that can occur involves the risk that future projections based on past observations
are biased.

Homogeneity test was implemented using RHtestV3 software from the package r (Wang
and Feng, 2010). RHtestsV3 function handle daily, monthly and annual series of Gaussian errors
except daily precipitation series where RHtests dlyPrpc procedure was used because the
homogenization of daily precipitation series are typically non-Gaussian (Wang and Feng, 2010).
According to Wang 2008 and Wang et al., 2010; it is based on the penalised maximal t test and the
penalised maximal F test, fixed in a recursive testing algorithm applied to the time series. The
advantage of homogeneity test was to correct data series as homogeneous climate data series and

systematically involved a diagnosis on average analysis of extremes because between that date and
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the end of the series, the series becomes daily reference series (QAS). The RHtestV3 software is

already incorporated into the rclimdex model.

3.6.2.3. Indices

Indices, developed at the annual level by the rclimdex program are 27 indices and can be grouped into

several categories.

« The indices based on percentiles provide information on the temperature of cold nights (TN10p), warm

nights (TN90p) cold days (TX10p) and hot days (TX90p);

* The indices represent the absolute maximum or minimum values of temperature during a given period
of time (season, year) as the highest maximum temperature (TxX) , the highest minimum temperature

(TNXx), the most maximum low temperature (TXn) or the lowest minimum temperature (TNn ) ,

« Total daily above the 95 percentile (very wet days ( R95p ) ) and 99 ( extremely wet days ( R99p ) )
rainfall totals for these figures vary from one station to another even when the various stations are
influenced by the same type of climate , so it is impossible to have a common value for all stations

define by the R95p and R99p .

« Indices of maximum 1 day (RX1day) and 5 consecutive days (RX5day) precipitation;

» The indices of the maximum duration of dry periods (daily R < Imm: CDD) and wet periods (R > =
1mm: CWD).

The advantage of using these indices for the detection of climate change is that they can be applied

to different climate parameters such as minimum temperature, maximum temperature and

precipitation at a daily time. Also, indices of climate extremes are easily understandable and

manageable for studies of climate change impacts.
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In this study, to analyse extreme rainfall events in Abidjan, instead of 27 indices, only the ten (10) rainfall

indices were calculated and analysed (Table 3.2).

Table 3. 2: Daily extreme precipitation indices

Precipitations indices

Identification  Indicators name Definitions Units
PRCPTOT Annual total wet-day Annual total PRCP in wet days mm
precipitation (RR>=1mm)
RX1day Max 1-day precipitation ~ Monthly maximum 1-day precipitation ~ Mm
amount
Rxbday Max 5-day precipitation ~ Monthly maximum consecutive 5-day Mm
amount precipitation
SDII Simple daily intensity Annual total precipitation divided by the Mm/day
index number of wet days (defined as
PRCP>=1.0mm) in the year
R10 Number of heavy Annual count of days when Days
precipitation days PRCP>=10mm
R20 Number of very heavy Annual count of days when Days
precipitation days PRCP>=20mm
Rnn Number of days above nn  Annual count of days when PRCP>=nn  Days
mm days mm, nn is user defined threshold
CWD Consecutive wet days Maximum number of consecutive days  Days
with RR>=1mm
R95p Very wet days Annual total PRCP when RR>95™ mm
percentile
R99p Extremely wet days Annual total PRCP when RR>99" mm

percentile
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3.7. Analytic Hierarchic Process (AHP) approach for flood risk assessment

Flood risk mapping is a vital component for appropriate land use planning in flood areas and
mitigation measures (Bhatt et al., 2014). Flood risk map is important to provide basis information
and must be effectively communicated to various target groups: decision makers and the public.
The concept of risk is a complex concept that can be modelled using the combination of two
separate components, Hazard and Vulnerability (Ouma & Tateishi, 2014). This model is suitable

for most natural hazards, which is represented by the equation:

Risk O HazardOVulnerability (3.17)
3.7.1. Hazard

Hazard is considered a physical phenomenon, natural and non - manageable, occurrence and
intensity that can cause damage by overflow stream and the extension of the field in the water

flood. Hazard refers also to hydro-climatic phenomena and their impact on the flow of water.

Geomorphological characteristics (slope, drainage, soil types) and mainly rainfall (because it
is the intense rainfall that triggered flooding) were the various factors taken into account under
hazard criteria. The data processing for these factors allowed establishing thematic layers maps.
One of the maps is the slope extract from Aster DEM with resolution 30 m. Three latest maps are
drainage density map obtained after a meshed (discretization) of hydrography network of the study
area and this meshing measuring 5 km x 5 km was obtained from the Linwin software. I1sohyet
map was obtained from annual precipitation and soil types. Classes of very low, low, medium,

high and very high were defined for slope, drainage density and isohyet maps.
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= Rainfall

Rainfall amount, duration and intensity are part of the major causes of floods. Flooding occurs
most commonly from heavy rainfall when natural watercourses do not have the capacity to absorb
excess water. In urban area, floods are associated with extremes in rainfall which cannot
immediately seep into the ground as runoff. The occurrence and intensity of rainfall, and natural
settings that are not manageable, whatever the prevention provisions are overriding parameters of
the flood ability (Saley et al., 2005). From annual rainfall, isohyets map was drawn from Surfer
11 software. The kriging interpolation method type was used for the preparation of isohyets curves.
Each given point, with the geographic coordinates and rainfall measurement, were used for this
purpose. The study period was divided into five (5) phases in order to understand its spatial and
temporal variations. However, for the combination with other parameters within the AHP method,

the mean annual rainfall from 1961-2010 was considered and interpolated using Inverse Distance

Weighting (IDW) in ArcGIS software to create a continuous raster rainfall data within and around
Abidjan District to generate isohyets map of the study area. Five classes were defined: very low,

low, moderate, high and very high.

= Slope
Slope plays an important role in the stability of a terrain and in the same time influences the
direction and amount of surface runoff or subsurface drainage. Slope has a dominant effect on the
contribution of rainfall to stream flow and controls the duration of infiltration within subsurface.
Slope reflects the geomorphology of the study area and the slope map was generated using the
digital elevation model (DEM) from Aster with resolution 30 m and spatial analyst tools in ArcGIS

software. The risk of flooding is high in very low and low slope areas.
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= Drainage density
Drainage is an important factor shaping the physical characteristics and controlling the hazards.
Drainage density denotes the nature of the soil and its geotechnical properties under the study area.
It is also used for modelling of major and minor beds in the propagation of floods (Sharon and
Burnett, 2003). This means that, the higher the density, the higher the study area is susceptible to
erosion, resulting in sedimentation at the lower grounds. In this study, higher weights were
assigned to poor drainage density areas and lower weights were assigned to areas with adequate

drainage because hazard increase with lower drainage density and lower infiltration.

= Soil type
Soil types define the amount of water that can be infiltrated into the ground, and later the amount of
water which becomes flow based on its nature. Soil type which includes texture and structure are an
important component and characteristics of hazard. Soil textures have a great impact on flooding
because sandy soil absorbs water soon and few runoffs occurs where inversely clay soils are less
porous and hold water longer than sandy soils. This implies that, areas characterised by clay soils are
more affected by flooding. On the other hand, soil structure too has great impact on infiltration
capacity because the chance of flood to occur is when heavy rainfall increase with decrease of soil
infiltration capacity. Soil type map was extracted from national soil map and validated through soil

profile description and analysis through field work (Plate 3.1).
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Plate 3.1: Soil profile description

The combination of these four factors (Isohyet, slope, drainage density and soil type) has been used
to map the spatial extent and areas potentially exposed to hazards that could cause flooding.
The flood-prone areas are those located in areas of low permeability and slope, below reliefs, where the
drainage is weak (low infiltration, rapid concentration of water), high rainfall and where they were clay

as soil types.

3.7.2. Vulnerability to flooding

Vulnerability expresses the level of foreseeable consequences of a natural phenomenon on
issues (MATE, 1998). On the other hand is the most crucial component of risk in that it determines
whether or not exposure to a hazard constitutes a risk (Ouma & Tateishi, 2014). Flood vulnerability
mapping is the process of determining the degree of susceptibility and exposure of a given place
to flooding. These issues include people, goods and socio-economic activities likely to be affected

both guantitatively and qualitatively by a natural phenomenon. In this study, vulnerability criteria
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include three major components: population density, sewer system network and urban structure

type (UST) as land use.

= Urban Structure Types (UST)

Obtaining information about land use which concerns the management of urban areas is
predominantly important to determine and reduce physical and social vulnerability (hulk et al.,
2013). Also physical structure and the composition of urban area are key factors in urban planning
issues (Netzbind and Jurgens, 2010). For this reason it is essential to take into account the typology
of land use /land cover in the vulnerability mapping. To highlight the role play by the different
land use/land cover tenure instead of using the classic land use map, Urban Structure Type’s (UST)
map of Abidjan was developed within eCognition software using oriented based image analysis
(OBIA) method. Eight (8) classes: vegetation, water, publics services, industrial, medium and high
residence, informal residence and bare soil were retained to perform urban structure types (UST)

as a current land use map.

= Population density
Population in urban area is an important factor which can influence climate change. The
demographic development is high and uncontrolled near water courses; valley and low land
because settlements in these flood-prone areas is easier and less expensive to build. Also, the study
area is the economic capital of the country; hence demand of welfare and population growth is
very important. Estimating the population density in the District could help better manage the land
in its current situation and in the future. Population data was obtained from national statistical

institute (INS) and then imported into ArcGIS.
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= Drainage system network
Drainage (sewer) system map was obtained from map bought with National Water Company and
drainage system station inventory through field work (Plate 3.2), the same approach
aforementioned for density of drainage was carried out. Drainage system of Abidjan was digitize
by the polyline entity in the Mapinfo software and combines with plotting point of drainage system
inventory. The drainage system density was obtained after meshing (discretization) the sewerage

network and the calculation of the cumulative length per cell.

Plate 3.2: Sewer system inventory

UST, sewer system and population density maps, crossed with their different weights
(according to importance) in the GIS using raster calculator in spatial analyst tool allow the

development of vulnerability map of flooding in Abidjan District.
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3.7.3. Spatial mapping of multi-combination

Parameters including rainfall, soil type, slopes, drainage density, land use, drainage system
and demography involved in the occurrence of flooding by combining anthropogenic and natural
variables that produce susceptibility to flooding to be effective. This was to elaborate maps of
slopes, soil type, drainage, drainage system and population densities, UST, and rainfall. The
analysis of these factors led to the present hazard and vulnerability of the land to flooding. In this
study, the considered factors did not have the same importance, and therefore occurred with
different weights when crossed into the GIS. According to Mulders, (2001), using a multi-criteria
approach allows the spatial prediction of superficial movements (floods) and the application of

multiple analyse to provide reliable thematic maps.

3.7.3.1. Development factors

For the development of flood risk map of Abidjan District, these several factors were identified
and clustered under hazard and vulnerability criteria. These are the different weighted elements
combined to others under each criterion. Afterwards, the two criteria were also crossed and the

resulting map will be area at risk of flooding. The selected factors included:

% Hazard criterion
=  Slope;
= Drainage density
= [sohyets
=  Soil type
¢+ Vulnerability criterion
= Population density

= Urban structure Types (Land Use)
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= Drainage system network

All elements under each criterion were set based on literature and the definition of hazard (physical
phenomenon, natural and non- manageable) and vulnerability (degree of susceptibility and

exposure due to man-made) concepts that were used in this study.

3.7.3.2. Classifying factors

For best performance, the number of classes were reduced to five (5) classes:

=  Very low
= Low

=  Medium

= High

=  Very High

3.7.3.3. Analytic Hierarchy Process (AHP) approach

The multi-criteria analysis methods provide a framework which can handle different views on the
identification of the elements of a complex decision problem, organise the elements into a
hierarchical structure. For this study, the method used to determine the weight of parameters is the
multi-criteria analysis (MCA) method: Analytic Hierarchy Process (AHP). AHP assumes complete
aggregation among criteria and develops a linear additive model. The weights and scores are
basically achieved by pairwise comparisons between the indicators with each other. This method
allows effective decisions relating to complex by decomposition and structuring problems more
accessible to decision makers to refine their decision-making process. It can be very interesting in

the quantification and prioritization of criteria and sub-criteria characterising the mapping of areas
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at risk for flooding. This technique is based on experience and theoretical expert knowledge
(Papaaioanounou et al., 2015). Thus a questionnaire was drawn and submitted to 15 experts. Expert
knowledge was considered an important tool as it provides flexibility in the weight aggregation of

each element depending on each expert point of view.

The basic procedure to carry out the AHP consists of the following steps:

i) Decompose a complex and non-structured situations by developing its hierarchy;

i) Classification of the variable parts in a hierarchy by binary combination; iii) Assigning
numerical values to subjective judgments on the significance of each variable; iv)
Synthesize judgments to determine the priority variables;

v) Test the consistency of assessments and judgments.

Thus, the approach adopted by the AHP can be summarized in three main parts:

+ Development of the hierarchy

For the development of the hierarchy, the parameters identified above were grouped in a
homogeneous and all disposed in different levels. Each element of the same given level is then
compared with all others elements in that level. The different levels of AHP were:

Level 0: General objective

Level 1: decision criteria or analysis. In this study, criteria analysis selected were two (2). Saaty
recommends limiting the number of decision criterion to seven (7) more (Saaty, 1980);

Level 2: Characteristics of criteria: The characteristics of the criteria in this study were the various
parameters influencing hazard and vulnerability to flooding;

Level 3: different alternatives under each criterion.

In this respect, it should define key terms involved in the comparison elements (Anonymous, 1990):
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+ Alternatives: main choices which can be referred to ;

» Criteria or attributes: following aspects which alternatives considered. These latter can be
quantitative or qualitative ;

» Units: an expression to express the performance criteria ; tangible or intangible;

« Weight: importance attributed to criteria (subjective).

The hierarchy established in the case of this study is shown in Figure 3.16.

—
Goal Flood risk Map
Level 0
Criteria { Flood hazard map } [ Flood vulnerability map }

| |
=X —x <~ T\ 77

Level 2 p|lTs|[s]|[1]| [ust|pp]||Ds

Figure 3.16: AHP model use in the process flood risk map

% Binary combination

In the case of the structure shown in Figure 3.16, three matrices are distinguished. The first two
matrices, allow comparisons to be carried out between elements of each criterion and the last will

allow comparison between the two criterions to reach the goal.

Following the binary comparisons, checking the consistency of judgments through prioritization

is needed (Table 3.3). Indeed, setting priorities can synthesise our assessments of a mathematical
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way to verify the consistency. Thus, in a matrix, the element of the column is left successively
compared to each element of the row of the matrix. If the comparison is not supported by the
element on the left column in relation to an element of the line, assessment is expressed using the

fraction and otherwise using a whole.

Table 3. 3: Reports the scale of the various elements of comparison (Saaty, 1980).

Scale Judgment of preference Description
1 Equally important Two factors contribute equally to the objective
3 Moderately important Experience and judgment slightly favour one over the
other
5 Important Experience and judgment strongly important favour one

over the other

7 Very strongly important Experience and judgment strongly important favour one
over the other

9 Extremely important The evidence favouring one over the other is of the
highest possible validity

2! 4! 6!
Intermediate preference between

. When compromised is needed
adjacent scales

++ Development and prioritization matrix
The principle of development is the following matrix:

» determine the eigenvectors (Vp) of each criterion for each item :
VpO WLD....OWK (3.18) ©

With k: number of parameters and compared Wj ratings main parameters;
Vp

CpO

O Calculate the weighting coefficients (Cp) : Vpl0O.....O0Vpk (3.19)
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The sum of Cp of all parameters of a matrix must be equal to 1 (one).

Normalize the matrix by dividing each element by the sum of the column;

Averaging each line to determine the priority vector [C];

Multiply each column of the matrix by the priority vector corresponding there to determine the
overall priority [D];

Divide each global priority by the priority vector corresponding to it and determine the rational
priority [E]; [E]

Omax O
Determine the maximum Eigen value (Amax): k (3.20)

] maxOk

Calculate the consistency index (ClI): Cl O (3.21) kD1

Determine the consistency ratio (CR). The ratio of coherence can be interpreted as the
probability that the judgement is completed in a random manner. In fact, the responses often
have a certain degree of incoherence. The AHP method does not require that judgments are
consistent or transitive, hence, Saaty (1980) has defined the value of consistency ratio. In the
case where the value of consistency ratio exceeds 10%, the assessments may require some

revisions.

CIRI
CRO (3.22)

With RI: random index

Values of the random index (R1) are shown in Table 3.4.

Table 3. 4: Random Index matrix of the same dimension (Saaty, 1980)

Number of criteria 2 3 4 5 6 7 8 9 10 11
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RI 0.00 058 090 112 124 132 141 145 149 151

With the number of criteria = number of parameters compared

3.7.3.3.1. Hazard matrix

The test of hazard consists of:

- Drainage density;

- Type of soil;

- Slope map.

- Isohyets.

Determining the weight of parameters of the matrix obtained after conducting a survey from
various experts based on the comparison between these parameters themselves. Table 3.5 shows
the values of the eigenvectors and the weighting parameters of the hazard test. These values
corresponding to the matrix level 1, will be determine from the previous level (level 0).

Table 3. 5: Hazard matrix [A]

D TS S | Vo Ce
D 1 3 1/3 1/5 0.67 0.13

TS 1/3 1 1/3 1/5 0.38 0.08
S 3 3 1 1/3 1.31 0.26
| 3 5 3 1 2.59 0.52

Sum 7.33 12 4.66 1.73 4.95 1

Application: Example of calculation of the eigenvector (Vp) and the weighting coefficient (Cp) of the

density of the drainage in table 3.5.

J 0.67
Vp =4103x%(1/3)01/5=0.67 and Cp=4.95=0.13
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View the values of hazard criterion Cp, It was noted that soil type weight (0.08) is low in the study
of mapping hazard. As against, the weighting coefficient of rainfall (0.52) is the most highest.
Although the total amount of Cp is 1, a check of the consistency of judgments recommended by
the Analytical Hierarchy Process (AHP). The different results of the check are summarized in

Table 3.6.

Table 3. 6: Normalized Matrix [A]

D TS S | > [C] [D] = [E]= jmax C! CR
ranges
[A]*[C] [DVIC]

D 014 025 007 0.12 0.58 0.15 0.58 3.87
TS 0.04 0.08 007 011 0.3 0.08 0.32 4
S 041 025 021 0.19 1.06 0.26 1.12 4.31 409 0.03 0.03

I 041 042 064 058 205 051 2.14 4.20
Sum 1 1 1 1 3.99 i 16.38

[A] = Original matrix

After normalization of the matrix and determining the amount of standard lines, calculate [C] of the

first line, [D], Amax, Cl, Rl and CR:

- OcOooo__30.9958000 —[C]=0.15

1 3 1/3 1/5] [0.15 0.58
(D] = 1/3 1 1/3 1/5\ IO 08‘ - 10.32
3 3 1 1/3] 10.26 1.12
- 3 5 0.51 2.14
1638 _ 4 09
- Omax= 4
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09 -4
. Cl= 4.1 * =0.03

003
- CR=10.90=0.033

CR=3%010%

Therefore judgments are consistent.

Table 3. 7: Weight of Hazard indicators

Hazard indicators Weight
Drainage density 0.13
Type of Soil 0.08
Slope 0.26
Isohyet 0.52

The relative hazard map is obtained from equation 3.23:

HazardOmap O 0.130Dd 00.080TS 00.260S 00.5201

3.7.3.3.2. Vulnerability matrix

The test for the vulnerability of land to flooding consists of:
- Population density;
- Urban structure types

- Drainage system network
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Table 3. 8: Vulnerability Matrix

UST PD DS Vo Cr Amax Cl CR
UST 1 1/3 3 1 0.26
PD 3 1 5 247  0.64
DS 1/3 1/5 1 0.4 0.1 3.03 0.02 0.03
Sum 4.33 1.53 9 3.87 1

The matrix is coherent because CR =3 % <10 %

Table 3. 9: Weight of the vulnerability indicators

vulnerability indicators Weight
UST 0.26
Population density 0.64
Drainage system 0.1

The relative map of vulnerability of the land to flood is obtained from equation 3.24:

Vulnerability map O 0.260UST 00.640PD0O0.10DS (3.24)

3.7.3.3.3. General objective relative Matrix
Table 3. 10: General objective matrix

Y, H VvV, C, = ClI CR
Y, 1 1 173 05

H 1 1 058 05 2 0 0
sum 2 2 231 1

Where: V = Vulnerability and H = Hazard
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The matrix is coherent because CR = 0% <10%

Table 3. 11: Weight of flood criteria

Criteria Weight
Vulnerability 0.50
Hazard 0.50

The relative AHP map of flood risk is obtained from the equation 3.25

Flood risk map O 0.50Vulnerability mapd0.50 Hazard map (3.25)

The analysis of natural phenomenon based on knowledge of the hydrological,
geomorphological, and anthropogenic parameters functioning within the study area is summarized
in Figure 3.17. Thus, it is possible to determine the often flooded areas, frequently flooded or not
flooded areas. A first map of the hazard can be established: it has all the areas likely to be affected
by floods. The vulnerability map shows the land: water, vegetation, urban (Residence, industrial,
commercial, publics services, informal) areas. Physical vulnerability depends on man-made of
land. However, urban vulnerability vis- a-vis of flood risk is a function of land tenure. It represents
the degree to which social level and property in urban areas are likely or resistant to the impact of
natural hazards. By superimposing these two criteria or a combination of these two components,
the study obtained a synthetic map that shows the areas at risk. The resulting maps highlight areas

that are most exposed to flooding compare to those where flooding is tolerable and low.
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3.8. Flood hazard index model

In this study, both hydrological (rational method) and statistical model approaches are combined
to estimate the spatial extent of flood hazard index at District level. Coupling the two flood
modelling approaches compensate the limitations associated with each of them (Asare-Kyei et al.,

2015). This combination enables a better identification of flooded areas in Abidjan District.

Other benefits to be derived from the coupled approach include:

» Getting reliable estimates without using a purely empirical model

» Use of historical flood records and knowledge of flood causal factors which are readily
available

» Application in Geographic Information System (GIS)

» Considers both the susceptibility of each area to be inundated and flood emergency

management.

3.8.1. Rational model

The Rational Method is an important hydrological model used to determine the peak surface runoff
rates in small urban watershed or catchments for design of variety of drainage structures (Bengtson,
2010). Peak of runoff depends on three data values: runoff coefficient, drainage area and rainfall
intensity. However, in this study the challenge is to apply the rational method at

District level and by replacing rainfall intensity by annual rainfall within the model.

3.8.1.1. Determination of runoff coefficient

The main factors affecting the rational method runoff coefficient value are the land use, the soil
type and the slope. The physical interpretation of the runoff coefficient for a District is the fraction

of rainfall on that District that becomes storm water runoff.
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In this study, the U.S. Soil Conservation Service (SCS) coefficient tables was used for a
classification of land uses, slopes, and soil types to determine the runoff coefficient. It has four soil
group identifications that provide information helpful in determining runoff coefficients. The four
soil groups are identified as A, B, C, and D (see appendix 1). In order to find a representative
runoff coefficient within given land covers, an overall runoff coefficient was determined using the
areas of the different hydrologic soil group and slope complexes as weighting factors. This was
done in a GIS environment by first reclassifying the soils map into a map based on SCS soil
classification groups; followed by land use map reclassification too. Finally, all reclassified map
were crossed (land use map, soil map and slope map) to determine the drainage area and runoff

coefficient values of each cover type of the study area because runoff differ per soil group.

3.8.1.2. Determination of peak runoff

The Rational Formula to determine the runoff peak rate is given by the equation.

QpO 0.280COIOA (3.26)
Where,
Qp = Peak runoff rate (m®/sec)
C = Runoff coefficient (-)
| = Annual Rainfall (mm)
A = Drainage area (Km?)

In application of rational model important assumption were considered. These assumptions include

+ The entire District was considered as a single unit,
« Rainfall is uniformly distributed over the drainage area.

« Predicted peak runoff has the same probability of occurrence as the used rainfall variability
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«  The runoff coefficient (C) is constant during the rain storm

3.8.1.3. Development of peak runoff map

After generating runoff coefficient map, the data requested by the hydrological model as input
variables which is runoff coefficient (C), annual rainfall (I), drainage area (A) and land use were
generated and rasterized with a cell resolution of 30m to correspond to the spatial resolution of the
DEM layer into GIS. Then crossing them based rational formula in map algebra tools specifically

using raster calculator to elaborate peak runoff map.

3.8.2. Categorisation of maps

After creating the peak runoff rate map, the peak runoff values was categorised by applying the
natural breaks (Jenks) method into ArcGIS. This procedure results in a categorised runoff values
on a scale of 1 to 5; with one being the lowest probability for a flood to occur and 5 for the
categories with the highest probability. Then, DEM of the study area was also categorised using
the same natural breaks (Jenks) method and reclassified on a scale of 1 for high (93 — 141 m)to 5
for low (-59 — 20 m) elevation. This reclassification of the elevation is based on the theoretical
principles underlying the relationship between elevation and flood occurrence. Flood occurrence

is high in low slope areas and inversely, Flood occurrence is low in greater slopes areas.

3.8.3. Flood hazard index (FHI) map
Using the two categorised layers (peak runoff and DEM); the distribution of the intensity level of

flood hazard was realized by overlaying them using the raster calculator in GIS to elaborate the
flood hazard index (FHI) map (Figure 3.18). For each pixel, this method multiplies the categorised
peak runoff score with the score of the categorised DEM to produce the distribution of runoff at

different elevations which is indicative of flood hazard. The Flood Hazard Index was finally
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derived again by applying the natural (Jenks) breaks method which reclassified the data into five

classes: very low, low, medium, high and very high.

Flood Hazard Index (FHI) = Peak runoff ODEM (3.27)

l Dr::z:ge I Land Use Soil types Slope Annual rainfall DEM (30m)

Crossing to determine runoff
coefficient from reference table

:_________________________\l/_ ____________________ /!

f Runoff coefficient for L
each covers type

Hydrologic model Peak Runoff rate

Y 4

__ Categorised Peak runoff Categorised DEM
Statistical model E (1-5) : (1-5)

Flood Hazard index

Figure 3.18: Flood hazard index (FHI) framework
CHAPTER 4: RESULTS

4.1. Land Use/ Land Cover dynamic of Abidjan District

Three land use/ land cover classes were identified in this study:

» Vegetation: include Natural forest, national park, cropland, green space, fallows.
« Water: include river and lagoon

» Settlement: include built up areas and bare soil (because of their close reflectance value)
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4.1.1. Land use/ land cover classification between 1990, 2002 and 2014

At the end of image analysis and classification, three land use/ land cover maps were generated for

each year.

The land use/ land cover map for the year 1990 was mainly dominated by vegetation (Figure 4.1).
The area covered by vegetation, water and settlement, was 129,521 ha, 16,657 ha and 24,607 ha,

respectively. These represent 75.84%, 9.75% and 14.41% of the total land areas, respectively.

For the year 2002, the land use/ land cover map (Figure 4.2) showed that LULC was still dominated
by vegetation. However, a decrease in vegetation followed by an increase in settlement area.
Vegetation areas were about 128,009 ha (74.98%), water 16,962 ha (9.93%) while settlement

covered 25,751 (15.08%), respectively.

In the land use/ land cover map for the year 2014 (Figure 4.3), vegetation covered 117,191 ha
(68.66%) of the landscape, then water area was 16,954 ha (9.93%) and the area covered by

settlement was equal to 36,548 ha (21.41%).
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Figure 4.1: Land use/Land cover dynamic of Abidjan District in 1990
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Figure 4.2: Land use/Land cover dynamic of Abidjan District in 2002
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Figure 4.3: Land use/Land cover dynamic of Abidjan District in 2014

4.1.2. Validation of land use /land cover classification
For the year 1990, the accuracy assessment results showed an overall accuracy of 93.9 % and a

Kappa coefficient of 0.90 with a producer accuracy of 93.32 % and a user accuracy of 95.56 %.

For the year 2002, the overall accuracy was 99.58 % with a Kappa coefficient of 0.99 and the

overall producer and user accuracy of 99.58 % and 99.59 %, respectively.

For the year 2014, the overall accuracy was 98.96 % and a Kappa coefficient of 0.98 with an

average producer and user accuracy of 99.04 % and 98.9 %, respectively.

For these three (1990, 2002, 2014) years, all land use/ land cover classes were well identified and

classified with very low class confusion. The overall accuracy of the classification derived from
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confusion matrix was estimated to be 93.9 %, 99.58 % and 98.96 % for 1990, 2002 and 2014

images, respectively (Table 4.1).

Table 4. 1: Confusion matrix (percentages) for classified land use land cover map of the years

1990, 2002 and 2014

Vegetation Water  Settlement Total Producer’s User’s  Kappa

1990 (Pixel) (Pixel)  (Pixel) accuracy accuracy
(%) (%)
Vegetation 14,822 125 1,256 16,203 97.67 91.48
Water 0 4924 0 4,924 97.5 100 0.90
Settlement 353 1 7,000 7,354 84.79 95.19
Total 15,175 5,050 8,256 28,481 Overall Accuracy =93.9
Vegetation Water Settlement Total Producer’s User’s  Kappa
2002 (Pixel) (Pixel)  (Pixel) accuracy accuracy
(%) (%)
Vegetation 2,580 15 17 2,612 100 98.77
Water 0 2601 O 2,601 99.43 100 0.99
Settlement 0 0 2,498 2,498 99.32 100
Total 2,580 276168y 2H15 7,711  Overall Accuracy = 99.58
Vegetation Water  Settlement Total Producer’s User’s  Kappa
2014 (Pixel) (Pixel) (Pixel accuracy accuracy
(%) (%)
Vegetation 2,066 11 8 2,085 100 99.09
Water 0 2259 0 2,259 97.54 100 0.98
Settlement 0 46 1,876 1,922 99.58 97.61
Total 2,066 2,316 1,884 6,266  Overall Accuracy =98.96

4.1.3. Land Use/ Land Cover dynamic

For aforementioned, the overall accuracy of the post classification derived from the confusion
matrix was estimated to be 93.9 %, 99.58 % and 98.96 % for 1990, 2002 and 2014 LULC maps,
respectively. The study area has known important land use/cover conversion from one type to

another.
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4.1.3.1. Land Use/ Land Cover change between 1990 and 2002

In 1990, the size of the vegetation was significant compared to the present. Land use/land cover
trends from 1990 to 2002 are presented in Table 4.2. There was a decline in area of vegetation
class. On the other hand, increase of water body area (1.83%) and a most significant increase of
urban area from 1,144 ha (4.65%) after 12 years covered by built-up and some bare soil, which
means that urbanisation of the Abidjan District at this time, was mainly due to the conversion of
vegetation area to settlement area.

Table 4. 2: Change in areas of each land use/ land cover class between 1990 and 2002

Area in 1990 Area in 2002 Change 1990-2002

ha % ha % ha %
Vegetation 129,521 75.84 128,009 74.98 -1512  -1.17
Water 16,657 9.75 16,962 9.93 305 1.83
Settlement 24,607 14.41 25,751  15.08 1144 4.65

4.1.3.2. Land Use/ Land Cover change between 2002 and 2014

Analysis of the land use/ land cover change trends from 2002 to 2014 showed two main trends
which are presented in Table 4.3. During this period, there was a decrease of vegetation area from
8.45 % followed by an important increase in settlement area (41.93 %) and irrelevant decrease in
water body area from 0.05 %. This implies that urbanisation process converted vegetation area into
settlements following a significant reduction in the vegetation area. In the land use dynamics of
Abidjan, vegetation undergoes a speedy decrease and conversion to settlement area during the

2002-2014 decade, compared to 1990-2002.
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Table 4. 3: Change in areas of each land use/ land cover class between 2002 and 2014

Area in 2002 Area in 2014 change 2002-2014

ha % ha % ha %
Vegetation 128,009 74.98 117,191 68.66 -10,818 -8.45
Water 16,962 9.93 16,954 993 -8 -0.05
Settlement 25,751 15.08 36,548 21.41 10,797  41.93

4.1.3.3. Land Use/ Land Cover change between 1990 and 2014

Land use/ land cover changes that occurred during the 24-years period is presented in Table 4.4.
The land use/ land cover classes showed a negative change in vegetation meaning a decrease in its
area while settlement and water area were increased to 48.53 % and 1.78 % respectively. It means
that urban area sprawls inside the District occurred during this 24-years period. Over 9.52 % of

vegetation area was transformed to settlement area.

Table 4. 4: Change in areas of each land use/ land cover class between 1990 and 2014

Area in 1990 Area in 2014 Change 1990-2014

(ha) % ha % ha %
Vegetation 129,521 75.84 117,191 68.66  -12330 -9.52
Water 16,657 9.75 16,954 9.93 297 1.78
Settlement 24,607 14.41 36,548 2141 11941 48.53

4.1.3.3. Overall Land Use/ Land Cover change from 1990 - 2014

The statistical details of the Land use/land cover changes during the various years 1990, 2002 and
2014 is shown in Figure 4.4. There was a decline in vegetation cover during these periods,
especially from 1990 to 2014. While there was no change in water area from 1990 to 2014,

settlement area expanded importantly from 1990 to 2014.

84



140000 1

120000 7

100000 T

80000
H 1990

M 2002
2014

60000

Area (ha)

40000

20000

Vegetation Water Settlement

Land use/cover classes

Figure 4.4: Land use/land cover change for the years of 1990, 2002 and 2014 in Abidjan

4.1.4 Land use/ land cover change detection
Transition matrix, between 1990-2002; 2002-2014 and 1990-2014 in Table 4.5 shows that all land

use/ land cover classes changed during these periods. From 1990-2002, nearly 6.17 % and 1.6 %
of vegetation and water, respectively, decreased and was mainly degraded and converted to
settlement area. During 2002-2014, around 7 % and 4 % of vegetation and water areas,
respectively, decreased as a result of settlement purpose while 9.59 % of settlement area was
reconverted to vegetation area.

From 1990 to 2014, an average of 9.6% and 5.3% of vegetation and water areas, respectively, were

converted to settlement area.
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Table 4. 5: Land use / land cover change detection in Abidjan

Change 1990-2002 (%) Vegetation Water Settlement
Vegetation 93.11 0.65 6.17
Water 2.14 96.23 1.63
Settlement 28.32 0.42 71.26
Change 2002-2014 (%) Vegetation Water Settlement
Vegetation 82.03 11.01 6.96
Water 12.75 83.31 3.94
Settlement 9.59 0.54 89.87

Change 1990-2014 (%) Vegetation Water Settlement
Vegetation 88.87 1.49 9.64
Water 1.38 93.31 531
Settlement 24.05 0.58 75.37

Analysis of the general land use/land cover dynamics and change showed vegetation area was
taken over by settlements (build up and bare soil). The dynamics of settlement area between
19902002 and 2002-2014 were different. Settlement area in 2014 was higher than that in 2002
which implies a fast increase in urbanisation sprawl. The explanation of the rapid urbanisation
sprawl from 2002-2014 is due to the civil war that was experienced in the country from 2002-2011
and which resulted in the migration of people from affected areas during the civil war. Also, there
was an increase in infrastructure projects during this period, hence an increase in settlement area.
Finally, Abidjan, being the economic capital of Cote d’Ivoire with developmental projects
including construction of roads, houses and industries, as well as population growth, is still

ongoing and therefore vegetation area is still expected to be transformed further into urban area.
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4.2. Normalized Difference Build-up Index (NDBI)

From the data collection based on the study focus, all classes including vegetation, bare soil and
water under others class were merged to have a better appreciation of settlement dynamic and
change through NDBI calculation over the three periods in this study:

» Others: include vegetation, bare soil and water classes

e Urban: Settlement

At the end of NDBI processing on 1990, 2002 and 2014 Landsat images, three NDBI maps were
generated for each year (Figure 4.5). After observation, it was realised that, there was a significant
increase in settlement area in 2014 (39.91 %) compared to 2002 (36.44 %) and 1990 (31.4 %).
This result shows that rapid urbanisation has really taking place from 2002 to 2014 in the 13
municipalities which means there was a lot of conversion of other classes’ areca. The NBDI
calculation of settlement area in 2002 is less than settlement area in 2014 (Table 4.6). This

confirmed and validated results from land use/ land cover dynamics and change detection state

previously.
Table 4. 6: NDBI for 1990, 2002, 2014 years in Abidjan
1990 2002 2014
Classes pixel % pixel % pixel %
Others 1301383 68.6 1335473 63.56 1140192 60.09
Settlement 595677 31.40 765598 36.44 757303 39.91
Total 1897060 100 2101071 100 1897499 100
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4.3. Urban Structure Types Classification

The result by processing urban structure types classification of Abidjan District using Spot 5 image

with 10 m resolution from 2013 through rule set based method and hierarchical classification is

shown in the Figure 4.6. Based on image resolution and literature, eight (8) urban structure types

(UST) classes were identified within the study area. These were:

informal residence

industry area

high residence

medium residence

Public’s services (administration, hotels, church, etc.)
bare soil

Vegetation (forest, vegetation, cropland and grassland)

Water (lagoon, lake and river)

The analysis of UST classification revealed a disproportion in all classes’ areas coverage with 2.97

% of industrial area, 3.21 % of public services, bare soil are of 2.03 %, informal, medium and high

level residences areas covered 0.28 %, 7.83 % and 3.2 % respectively, and they were surrounded

by 70.35 % of vegetation area (forest, vegetation, cropland and grassland) and 10.13 % of water

body (lake, lagoon and river). The overall accuracy of the classification derived from confusion

matrix was estimated to be 62 %.
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Figure 4.6: Urban structure types of Abidjan from spot image

4.4, Rainfall Variability Analysis

4.4.1 Standardised Precipitation Index (SPI)

Graphical representations of standardised precipitation index (SPI) of annual rainfall series
averages permit to determine different precipitation fluctuations (wet, normal and dry period) at

Abidjan (Figure 4.7). Three periods were identified in all:

- Wet period from 1960 to 1969 with an average annual rainfall of 2190 mm. This represents
more than 22 % of total rainfall greater than the total annual average of 1787 mm. It was noted that,
this period has a remarkable year 1963 with a rainfall of 2765 mm or 978 mm excess over the average

for the study period.
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- Normal period 1970 — 1982, with an average rainfall of 1944 mm. This represents over 8 %

of total rainfall above the average annual total.

- Dry period from 1983 to 2012. This period is characterised by an average rainfall of 1585

mm, a shortfall of 11 % compared to the average of the study period.
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Figure 4.7: Standardised Precipitation Index of Abidjan station from 1960 - 2012

Curves fluctuation in rainfall by SPI and weighted indices clearly reflect the high rainfall
variability in the District of Abidjan during this period (Figure 4.8). These indices show a general
wet period from 1960 to 1983, followed by a dry period from 1983 to 2010 throughout the District.
This results show an upward trend from1960 to 1983 and a downward trend from 1983 to 2010 as
observed through the weighted indices. However, there has been an increasing rainfall trend since

2010 at Abidjan.
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Figure 4.8: Curve weighted indices of Abidjan station from 1960-2012

4.4.2. Change detection tests

Based on statistical methods, years of break in the rainfall pattern of the District of Abidjan were
defined. Buishand’s test allowed accepting or rejecting the hypothesis of no break in the series
(Ho), while Pettitt test permitted to specify the year of break. Here, the study considered only the

primary or main breaks.

4.4.2.1. Buishand’s test

Under the Null Hypothesis Ho, it is possible to define a confidence region containing a given
confidence level, the series of Sx* This region is called confidence ellipse control. When Si* is out
of this ellipse, Ho hypothesis is rejected at confidence level 1-o./ 2 (variable reduced the probability

of not exceeding normal). Ellipsoids control of Abidjan is shown in Figure 4.9.
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Figure 4.9: Buishand’s test of Abidjan from 1960-2012

The analysis of these ellipsoids permitted to realise that the hypothesis of no break Ho is rejected
at confidence levels of 90, 95 and 99 % in the rainfall series of Abidjan, respectively. Therefore

these series show a break and the year of break was 1982 in Abidjan.

4.4.2.2. Pettitt test
The break is here embodied by the point at which the curve of the variable U of Pettit test changed

trend by passing from positive (1960-1982) to negative (1982-2010), (Figure 4.10). Thus, the
analysis of curves showed that the rainfall series have ruptures. However, the main break was

detected in 1982 at Abidjan.
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Figure 4.10: Pettit test of Abidjan from 1960-2012

After analysis, it was observed that Buishand and Pettit tests clearly confirm the presence of breaks
in the rainfall series of Abidjan District. In the end, these tests demonstrate and validate the

different divisions obtained with SP1 and weighted indices.

4.5. Gumbel Approach
Gumbel statistical methods applied in the rainfall pattern of the District of Abidjan by using

Graphical method and moment law method are shown in Figure 4.11a and 4.11b. The analysis
shows that, in general the, Gumbel distribution provide an acceptable fit to the measured and

estimated annual maximum daily precipitation distribution.
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Figure 4.11: Gumbel test of measure (a) and estimate (b) precipitation at Abidjan The
scattered lines in Figure 4.11 (a and b) are the ordinary linear regression approximations. The linear
approximation equations and coefficients of linear determination (R?) of each graph shows that
measured and estimated precipitations are highly correlated (Table 4.7). The visual interpretation

of the graph is that the Gumbel distribution is appropriate to estimate return period (Table 4.8).
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Table 4. 7: Correlation between measured and estimated annual daily maximum rainfall

Variables Graph  Momentlaw  Average
b

35.26 35.67 35.46

a 114.83 114.39 114.61

Table 4. 8: Precipitation returns period for 100, 50, 20, 5, 2 years

Return preiod T 100 50 20 5 2
Xq 0.99 0.98 0.95 0.8 0.5
U 4.60 3.90 2.97 1.50 0.37

Xq for Tperiod 278.45 25355 220.32 167.88 127.46

Where: Xg= (1- (1/T):

U= -In (-In (Xq)): Reduced variable

Xq for Tperiod = a + bu: linear quintile

T: Return period

4.6. Temperature, Precipitation, Solar Radiation and PET Predictions in LARS-WG model
The Table 4.9 shows results of minimum and maximum temperature, rainfall, solar radiation and

PET change between the baseline (1961-2010) and three future scenarios:

e Scenario 1: 2011-2030,
* Scenario 2: 2046-2065;

e Scenario 3: 2065-2099.
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As shown in Table 4.9 and Figure 4.12 (a, b, c, d, and e), the variability trend and change of each
weather data between the baseline and generated future scenario revealed that, weather data will
change from the baseline to one scenario to another scenario. These predictions were made using

the global model HadCM3 and the optimistic emission scenario SRA1B.

Table 4. 9: Minimum/maximum temperature, precipitation, solar radiation and

evapotranspiration change prevision at Abidjan.

Tmin Tmax Rain

©C) C) (mm) RAD PET

Baseline (1961-2010) 24.18 27.40 3.62 1691 444
Scenario 2011-2030 24.50 27.72 3.75 16.82 4.43
Change 1 0.32 0.32 0.04 -0.09 -0.01
Scenario 2046-2065 25.54 28.77 3.82 16.81 4.49
Change 2 1.36 1.37 0.06 -0.10 0.05
Scenario 2080-2099 26.72 29.95 3.97 16.76 454
Change 3 2.54 2.55 0.10 -0.15 0.10

With:

Tmin: Minimum temperature
Tmax: Maximum temperature
Rain: Rainfall

RAD: Solar radiation

PET: Potential evapotranspiration
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Figure 4.12a: Minimum temperature variability from 1960 to horizon 2100
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Figure 4.12b: Maximum temperature variability from 1960 to horizon 2100
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Figure 4.12c: Rainfall variability from 1960 to horizon 2100
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Figure 4.12d: Solar radiation variability from 1960 to horizon 2100
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PET variability from 1961-2100

4.65
4.60
4.55
54‘50 ==PET_baseline
o
4.45 ~— PET_scenario 1
4.40 PET_scenario 2
4.35 ~—PET_scenario 3
4.30 TTTTTTTTTTTTT T T T T T T T T T T T T I I T T T T T T I T T T T T T I T T I T I I I T
AT NO N OVATNOQNLNOO O
LWOWOURKOOODO DT I NMMST ©® O N
AN OOOO0O0OO0O0 OO0 OO0 O O
T " AN AN AN AN AN AN AN NN NN N
Years

Figure 4.12e: Potential evapotranspiration variability from 1960 to horizon 2100

Scenario 1: 2011-2030

The result of this analysis shows that, for the scenario 1 compared to the baseline, there was an
increase of 0.32°C in both the minimum and maximum temperatures, an increase of 4 % in the
precipitation and a decrease of 0.09 and 0.01 in solar radiation and evapotranspiration,

respectively, in the Abidjan District.

Scenario 2: 2046-2065

The second scenario shows an increase from the baseline of 1.36°C of the minimum and 1.37°C
of the maximum temperatures. For this same scenario, there was also an increase of 6 % in
precipitation from the baseline and a decrease of 0.1 in solar radiation and an increase of 0.05 of

the evapotranspiration.
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Scenario 3: 2065-2099
The third scenario shows an increase from the baseline of 2.54°C of the minimum and 2.55°C of
the maximum temperatures. Then, an increase of 10 % of the precipitation and a decrease of 0.15

of solar radiation and an increase 0.10 of the evapotranspiration compared to the baseline.

Globally, climate predictions for the locality of Abidjan show an increase compared to the
baseline of the temperatures and the precipitation for short term and long term periods with the
longer one being higher than the shorter one. For the PET, the short term predictions show a
decrease while the long term prediction shows an increase. In contrast, the solar radiation shows a
decrease for the short term and long term periods. The implication of the different scenarios being
modelled is that flood risk will occur more and more with high intensity due to the increase of

precipitation in short and long term.

4.7. Rclimdex Rainfall Indices

From the daily weather data, ten (10) rainfall indices were calculated based on observed data from

1960 to 2010 and future data from 2011 to 2100 through Rclimdex model in this study.
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4.7.1. Consecutive wet days (CWD)
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Figure 4.13a: Consecutive wet days (CWD) from 1960 to 2010
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Figure 4.13b: Consecutive wet days (CWD) from 2011 to 2100

Figure 4.13 (a and b) shows the evolution of consecutive wet days (CWD) in Abidjan between the

period 1960-2010 and 2011-2100. Observation of Figure 4.13a indicates that there was no important
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inter-annual variability of CWD from 1960 to 2010 based on the general trend represented by the
straight line. The CWD index fluctuated between 2 - 30 days. Except in 1968, 1975 and 2010 where

there was a peak of 17, 23 and 30 of wet days, respectively. This directly means important amount

of rainfall during these years.

In Figure 4.13b, CWD from 2011 to 2100 present a fluctuation between 10-40 wet days. This
Figure shows an important variability of wet days under several observed peak (20-45days) which

IS opposite to results in Figure 4.13a. Average trend of this period indicates an increase of wet days

which assume that rainfall intensity will be more persistent in future.

4.7.2. Annual total wet-day precipitation (PRCPTOT)
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Figure 4.14a: Annual total wet-day precipitation (PRCPTOT) from 1960 to 2010
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Figure 4.14b: Annual total wet-day precipitation (PRCPTOT) from 2011 to 2100

The result of Annual total wet-day precipitation (PRCPTOT) index from 1960 to 2010 in Figure
4.14a was characterised by a general downward trend with a decline amount of PRCPTOT from
2900-1000 mm during the period 1960-1990. Followed by an upward trend of PRCPTOT

(10002200 mm) from 1990 to 2010 (Figure 4.14a). PRCPTOT result is very significant (p-

value=0.04 <

0.05) from 1960 to 2010. However, in Figure 4.14b representing the same index from 2011 to
2100, there was a difference compared to previous in Figure 4.14a. The overall range of PRCPTOT
(1000-1500 mm) was slightly lower than PRCPTOT from 1960 to 2010. However, PRCPTOT
fluctuation in 2011-2100 is more pronounced and reveals a short decrease of PRCPTOT from 2011
to 2030 followed by an increase of the same index from 2030 to 2045 and finally a decrease from

2045 to 2100 (Figure 4.14b). The overall trend of this period shows an insignificant downward

trend of PRCPTOT while in Figure 4.14a (1960-2010) there was an important decrease of

PRCPTOT.
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4.7.3. Number of heavy precipitation days (R10)
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Figure 4.15a: Number of heavy precipitation days (R10) from 1960 to 2010
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Figure 4.15b: Number of heavy precipitation days (R10) from 2011 to 2100

The number of heavy precipitation days over 10 mm (R10) index in Abidjan District show opposite

trends from 1960 to 2010 (Figure 4.15a) and 2011 to 2100 (Figure 4.15b). In Figure 4.15a, general
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tendency trend of R10 present a decrease trend from 1960 to 2010. First of all, a medium decline of
R10 from 1960 to 1990 between 60-30 days was observed. Then, secondly from 1995 to 2010, the
curve shows a resumption of R10 between 42-50 days. Inversely, R10 index from 2011 to 2100

increase based on the general observe trend (Figure 4.15b). Hence, R10 index reached the most

important peak from 2030 to 2045 with 52-54 days.

This index R10 under present and future condition indicated that rainy days over 10 mm started

increasing from 1995 to 2010 and will continue until 2100. This can be an explanation for the

current heavy precipitation days

4.7.4. Number of very heavy precipitation days (R20)
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Figure 4.16a: Number of very heavy precipitation days (R20) from 1960 to 2010
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Figure 4.16b: Number of very heavy precipitation days (R20) from 2011 to 2100

The number of very heavy precipitation days over 20 mm (R20) index in Abidjan District also
shows opposite trends between 1960-2010 (Figure 4.16a) and 2011-2100 (Figure 4.16b). From
1961 to 2010, the number of very heavy precipitation days over 20 mm (R20) show a decrease
trend (Figure 4.16a). But, two (2) periods were distinguished: a decrease of R20 from 1961 to 1995
between 43-18 days, followed by an increase of the same index between 18-25 days especially
from 1995 to 2010. R20 index result was very significant (p-value=0.043 < 0.05) from 1960 to
2010. While in Figure 4.16b, this R20 index, average trend is constant means no decrease or
increase from 2011 to 2100. However, the amount of R20 during this period will be too small (010

days) compared to baseline R20 (10-45 days) and means that R20 index will be minimal in future

(2011-2100).
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4.7.5. Number of days above 25 mm (Rnn)
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Figure 4.17a: Number of days above 25 mm (Rnn) from 1960 to 2010
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Figure 4.17b: Number of days above 25 mm (Rnn) from 2011 to 2100

From 1961 to 2010, the trend of the number of days above index 25 mm (Rnn) generally declined in

Figure 4.17a. But as R20 two big periods were characterised in Rnn index: a decrease number of
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days above 25 mm (Rnn) from 1961 to 1995 between 5-40 days, followed by a rise of Rnn between
15-25 days especially from 1995 to 2010. Rnn index like PRCPTOT and R20 result is very significant
(p-value=0.03 < 0.05) from 1960 to 2010. This same index Rnn in Figure 4.17b showed a slight
decrease from 2011 to 2100 and its range will be too small (0-6 days) compared to baseline Rnn
range (10-45 days). The significance of Rnn index results could support heavy precipitation observed

nowadays based on Rnn increase from 1995 to 2010.

4.7.6. Very wet days (R95p)
Very wet days (R95p) index from 1960 to 2010 is presented in Figure 4.18a. There was a general

decrease trend from 1961 to 1995 of R95p with important fluctuation between 1000-40 mm. Then,
a rise of this R95p index is identified (30-1000 mm) from 1995 to 2010. While R95p index trend
from 2011 to 2100 in Figure 4.18b also present an overall decrease with a range (400-50 mm) less

than R95p range (100-1000 mm) from 1960 to 2010.

R2=0.14 p-value= 0.145 Slope estimate= -3.966

R95p (mm)

Figure 4.18a: Very wet days (R95p) from 1960 to 2010
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Figure 4.18b: Very wet days (R95p) from 2011 to 2100

4.7.7. Extremely wet days (R99p)
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Figure 4.19a: Extremely wet days (R99p) from 1960 to 2010
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Figure 4.19b: Extremely wet days (R99p) from 2011 to 2100

In Figure 4.19a, the amount of R95p was different compared to extremely wet days (R99p) though
there was some similarity from 1960 to 2010. Indeed, there was a negative trend of R99p from
1961 to 1995 with fluctuation between 0-560 mm, followed by a positive trend from 0-700 mm
during the period 1995-2010. Regarding Figure 4.19b, R99p index from 2011 to 2100 present a
negative trend and was not so important (0-200 mm) compared to R99p (0-700 mm) from 1960 to
2010. Both Figures showed a negative trend of extremely wet days (R99p).

4.7.8. Maximum 1-day precipitation amount (RX1day)
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Figure 4.20a: Maximum 1-day precipitation amount (RX1day) from 1960 to 2010
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Figure 4.20b: Maximum 1-day precipitation amount (RX1day) from 2011 to 2100

Maximum 1-day precipitation amount (RX1day) index result showed a general negative
trend between 1960-2010 (Figure 4.20a) and 2011-2100 (Figure 4.20b). There was an
insignificant decrease of Maximum 1-day precipitation amount (RX1day) from 1960 to
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1995, following a short rise of RX1day from 1995 until 2010 (Figure 4.20a). This slight
general decrease trend from 1960 to 2010 fluctuated between 0-200 mm of water/decade
with two exceptions made in 1972 and 1983 with the highest RX1day peak of 230 mm

and 310 mm respectively.

This RX1day index result from 2011 to 2100 is shown in Figure 4.20b. There was an overall
negative trend with fluctuation between 0-50 mm of water/decade from 2011 to 2100. However,
it was observed that during the period of 2011-2100, RX1day reached the highest peak in 2014

with 48 mm of water/decade which is an indicator of extreme rainfall occurrence.

4.7.9. Maximum 5-day precipitation amount (RX5day)

Maximum 5-day precipitation amount (RX5day) index results showed a general negative trend
between 1960-2010 (Figure 4.21a) and 2011-2100 (Figure 4.21b). The plotted result in Figure
4.21a reflects changes of Maximum 5-day precipitation amount from 1960 to 2010. There was a
downward trend of RX5 day characterised by a reduction of RX5day from 350 to 100 mm of

water/decade excepted in 2000 where it was noted the highest RX5 day rate 460 mm.

RX5 day index from 2011 to 2100 (Figure 4.21b) has a similar decrease trend in Figure 4.21a.
However, difference was identified in fluctuation range which was between 50-150 mm of

water/decade.
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Figure 4.21a: Maximum 5-day precipitation amount (RX5day) from 1960 to 2010
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Figure 4.21b: Maximum 5-day precipitation amount (RX5day) from 2011 to 2100
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4.7.10. Simple daily intensity index (SDII)
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Figure 4.22a: Simple daily intensity index (SDH) from 1960 to 2010
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Figure 4.22b: Simple daily intensity index (SDII) from 2011 to 2100

Simple daily rainfall intensity (SDII) index result showed inverse general trend between 19602010

(Figure 4.22a) and 2011-2100 (Figure 4.22b). Simple daily rainfall intensity (SDI1) index decreased
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from 1960 to 1990 with an exception of 1975 which recorded the highest intensity index 25 mm/day
of that period and after that, there was an increase of SDII from 1990 to 2010 and the range was
between 18-24 mm/day. Afterwards, SDII index present in Figure 4.22b an increase based on general
trend from 2011 to 2100. Both Figures 4.22 (a and b) of SDII index started by a decrease of intensity

and later there was a rise of SDII from 1990 to 2010 (Figure 4.22a) and 2030 to 2100 (Figure 4.22b).

In all, ten rainfall indices (10) ((PRCPTOT, CWD, R10, R20, Rnn, R95p, R99p, RX1day,
RX-5day and SDII) were calculated and compared with observed (1960-2010) and future
(20112100) data. These rainfall indices showed a general decreased trend of most rainfall indices
in present and in future. However, there was an increase trend of CWD, SDII and R10 indices from
2011 to 2100. All indices as negative or positive trends were no significant because P-value was
greater than 0.05 excepted PRCPTOT, R20 and Rnn indices from 1960 to 2010 due to their very

significant trends (p-value<0.05).

4.8. Analytic Hierarchic Process (AHP) Flood Risk
4.8.1. AHP Hazard map

4.8.1.1. Drainage density map
The drainage density map (Figure 4.23) includes five (5) classes (Table 4.10) to characterise the

state of the drainage of surface water in Abidjan. It was observed that very low and low classes
represent 21.60 % and 23.51 %, respectively. Then medium class covers 21.36 % followed by high
and very high classes which were estimated to be 21.99 % and 11.53 %, respectively. It was noted
that, the drainage density was generally low throughout the study area (around 67 %), which

implies a low permeability and infiltration of the study area.
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Figure 4.23: Drainage density map

Table 4. 10: Weight assigned to “drainage density” classes

Classes (km?) Weight
0.42 — 4.95 9
4.95 —8.45 8
8.45 - 11.65 o
11.65 — 14.50 3
>14.50 1

4.8.1.2. Slope map
The slope map extract from Aster DEM of the study area is shown in Figure 4.24. It is composed of
five (5) classes (Table 4.11) which allow a clear understanding of the topography of the study area.

After accomplishment, it was observed that very low and low classes covered 36.76 % and 30.19
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% of the study area, respectively. Then, medium class covered 20.22 % followed by high and very
high classes which were estimated to cover 9.85 % and 2.98 %, respectively. On the whole,
Abidjan is covered by low slopes (87.17 % of the study area), which implies a favourable area as

bed for extreme events such as flood.
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Figure 4.24: Slope map of Abidjan
Table 4. 11: Weight assigned to "Slope" classes

Classes (%) Weight
o7 10
2-6 8
6-10 6
10-16 3
> 16 -

4.8.1.3. Soil type map
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The soil type map extracted from national soil map and validated by soil profile and analysis during
a field work within the study area is shown in Figure 4.25. Seven (7) classes were identified (Table
4.12) and used to describe the soil type in the study area: hydromorph organic soil (6.64 %),
hydromorph mineral soil (2.7 %), ferralitic soil depleted modal strongly desaturated (57.30 %),
ferralitic soil reshuffles depleted shale’s highly desaturated (15.23 %), tertiary sand (9.66 %) and
lagoon (8.47 %), respectively. Analysis showed that, eight (8) municipalities of Abidjan District
were part of ferralitic soil depleted modal strongly desaturated class and four (4) municipalities
were recovered by tertiary sand class. Both type of soil indicated and implies a low permeability

and infiltration of the study area.
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Figure 4.25: Soil type map of Abidjan
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Table 4. 12: Weight assigned to "Soil type" classes
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Classes weight

Hydromorph organic soil 8
Hydromorph mineral soil 6
Ferralitic soil depleted modal strongly desaturated 3
Ferralitic soil reshuffles depleted shale’s highly desaturated 1
Tertiary sand

Lagoon 0

4.8.1.4. Isohyet map
The rainfall variability over the years 1961-1970, 1971-1980, 1981-1990, 1991-2000 and

20002012 was strongly influenced by the overall rainfall decline recorded since 1970 in Cote
d'lvoire (Figure 4.26). This reflects the great heterogeneity in the spatio-temporal distribution of
the annual rainfall during these periods.

Rainfall ranged from:

+ 1850 mm and 2800 mm during the period of 1961-1970;

* 1500 mm and 2450 mm during the period of 1971-1980;

+ 1000 mm and 2300 mm during the period of 1981-1990,

1100 mm and 2100 mm during the period of 1991-2000

+ 1250 mm and 2150 mm in the period of 2000 - 2012

-From 1961 to 1970, it was noticed that, Abidjan received a total rainfall between 1850-2800 mm
and the rainfall increased from west to east (Figure 4.26a).

-From 1971 to 1980, Abidjan received a total amount of rainfall between 1500-2450 mm and still

increased from west to east (Figure 4.26b).
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-During the period 1981-1990, there was a decrease in total rainfall between 1000 mm and 2300 mm.
It was noticed that, rainfall increases from west to east (Figure 4.26c).

-From 1991 to 2000, there was a slight reduction in rainfall amount compared to the previous
period. This reduction occurred more in the Western part of Abidjan with rainfall between
11001400 mm. The north and south of the District were covered by 1800-2100 mm of rainfall and
that was substantially lower as compared to the previous period (Figure 4.26d).

-From 2001 to 2012, there was also a significant recovery of the total rainfall 1250 mm-2100 mm
and was more pronounced in the northern part of the District. However, there was a resumption of
total rainfall from the Centre to South of Abidjan (1250-1900 mm). This period was nearly similar
to the previous period (Figure 4.26g).

The entire District of Abidjan was characterised by a slightly homogeneous total rainfall
distribution. This was due to the presence of the sea which influences the hydrological behaviour

but also, Abidjan is a highly urbanised area and therefore has low vegetation cover.
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Figure 4.26a: Rainfall variability in Abidjan from 1961-1970
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Figure 4.26b: Rainfall variability in Abidjan from 1971-1980
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Figure 4.26¢: Rainfall variability in Abidjan from 1981-1990
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Figure 4.26d: Rainfall variability in Abidjan from 1991-2000
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Figure 4.26e: Rainfall variability in Abidjan from 2001-2012
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In Figure 4.27 and Table 4.13, the generated Isohyet map described five (5) classes which
characterise annual amount and occurrence of precipitation in Abidjan. Very low and low classes
were covered by 48.55 % and 17.97 %, respectively. Then, medium class were also covered by

13.4% while high and very high classes were estimated to cover 15.43 % and 4.64 %, respectively.
Annual rainfall spatio-temporal distribution density is generally moderate throughout the study
area (around 34 %). However, nine out of thirteen (9/13) municipalities of the District were

covered by medium to very high amount of precipitation.
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Figure 4.27: Isohyet map of Abidjan
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Table 4. 13: Weight assigned to "Isohyet" classes

Classes(mm) weight
1590 - 1640 1
1640 - 1690 3
1690 - 1750 7
1750 - 1790 9

> 1790 10

4.8.1.5. Hazard map

The hazard map (Figure 4.28) is obtained by the combination of parameter maps drainage density
(Dd), type of soil (TS), rainfall (I) and slope (S). The calculation process was done using “raster

calculator” in spatial analyst tool within ArcGIS and it is defined by the following equation 4.1.:

HazardO[Jo.260s0o0o.130Dd0o0o.53010000.080TsO
4.1)
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1 L L

500N Bt
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126



Figure 4.28: Hazard map of Abidjan
The hazard map obtained highlights five (5) areas as shown in Figure 4.28. Very low and low

classes covered 22.42 % and 30.67 % respectively of Abidjan. It is essentially over areas with high
slope, high drainage density and low precipitation amount. The medium class represents 15.41 %
and includes the Yopougon and Abobo municipalities which are classified under high and very
high hazard areas. The classes of high and very high hazard are estimated to be 15.34 % and 16.16
% respectively and they cover most of Abidjan municipalities (Adjame, Plateau, Cocody,
Treichville, Koumassi, Port-Bouet, marcory, Attecoube and Bingerville) numbering nine out of
thirteen (9/13) municipalities. All these areas are within high and very high hazard zones and are
dominated by low slope, significant occurrence of rainfall, tertiary sand, ferralitic soil strongly

desaturated and low drainage within the Abidjan District.

4.8.2. AHP vulnerability map

4.8.2.1. Population density

In Figure 4.29, population density map shows spatial distribution of the population within Abidjan
District. The population density map was classified into five (5) classes (Table 4.14) from very
low to very high population density. Areas of very low, low and medium classes cover 15.80 %,
38.64 % and 30.67 %, respectively. While the high and very high classes were estimated to be 11.34
% and 3.5 7%, respectively. Municipalities with more than 400,000 people such as

Yopougon, Abobo and Koumassi were classified as areas with very dense population.
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Figure 4.29: Population density of Abidjan

Table 4. 14: Weight assigned to "population density"” classes
Classes (Thousand)  Weight

14400 - 220000 1
220000 - 320000 3
320000 - 410000 7
410000 - 573000 9

> 573000 10

4.8.2.2. Result of Drainage system

The map in Figure 4.30 provides information on an important parameter of the advent of floods.
Presence or absence of drainage system and its dysfunction may be the basis of severe flooding. The

different classes obtained from the drainage system density map are five (5) classes (Table
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4.15) from very low to very high as follows: very low and low classes 12.32 % and 39.21 %,
respectively, medium class 31.40 %. Then, high and very high classes are 14.49 % and 2.57 %,
respectively. Areas covered by very low and low drainage system represents more than half of the
area with 51 % of the total study area and this shows that, the study area presents a deficit of sewer

system network.
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Figure 4.30: Drainage system density of Abidjan

Table 4. 15: Weight assigned to "Drainage system density" classes

Classes (km?) Weight
0.05-2.30 9
2.30-3.20 8
3.20-4.20 5
4.20 -5.80 3
>5.80 1

4.8.2.3. Urban Structure Types (UST)
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Land use is an important factor to better understand the physical vulnerability patterns induced by
human activities and the map in Figure 4.31 provides information on urban structure types (UST)
of Abidjan. Based on the infrastructure types, it is possible to find out areas that can be and not
vulnerable to flood. The different classes obtained from the UST classification through oriented
based image analysis (OBIA) are eight (8) classes including: bare soil (2.03 %), high residence
(3.20 %), Industrial area (2.97 %), informal residence (0.28 %), publics’ services (3.21 %), medium

residence (7.83 %), water (10.13 %), and vegetation (70.35 %), respectively (Table 4.16).
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Figure 4.31: Urban structure types of Abidjan

Table 4. 16: Weight assigned to parameter "UST" classes
Classes Weight
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4.8.2.4. AHP vulnerability map
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The AHP vulnerability map (Figure 4.32) was obtained by combination of parameter including
drainage system density (DS), urban structure types (UST) and population density (PD). The raster

calculation process was carried out using the equation 4.2 defined as:

Vulnerability 000.640rPDO000.260usTOOO0.10DSO (4.2)
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Figure 4.32: Vulnerability map of Abidjan

The vulnerability map obtained by combining UST, population density and sewer system
highlights five areas (very low to very high) as shown in Figure 4.32. Very low and low classes
cover 24.34 % and 21.63 % respectively of Abidjan. It is essentially areas with vegetation,
cropland, less population density, good drainage system, industrial area and high residence area.
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Medium class represents 29.89 % and covers most of Abidjan municipalities (Anyama, Plateau,

Treichville, Port-Bouet, Marcory, and Bingerville) around six out of thirteen (6/13) municipalities.
Areas covered by high and very high classes of vulnerability are 14.59 % and 09.55 %,
respectively. Analysis showed that all these areas covered by high and very high vulnerability are
dominated by weak drainage systems, high population density and impervious area (Abobo,

Yopougon, Attecoube, Koumassi and some area in Cocody) within the Abidjan District.

4.8.3. AHP flood risk map of Abidjan

The AHP flood risk map in Figure 4.33 is a result of vulnerability and hazard maps combination.
The calculation process developed from the formula using “raster calculator” within spatial analyst

tools in ArcGIS is defined as following:

AHPflood risk O00.50AHPVulnerabilityddO00.50AHPHazard  (4.3)
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Figure 4.33: AHP flood risk map of Abidjan
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The risk of flooding resulting map in Figure 4.33 defines five (5) levels of risk, ranging from very
low to very high. Areas with very low, low and medium risk of flooding cover 5.42 %, 24.37 %
and 36.31 %, respectively of Abidjan. They are unevenly distributed and characterized by high
slope, vegetation areas and low population density. Areas with high and very high risks cover

19.97 % and 13.93 %, respectively. An overall area of high and very high risk of flooding covers
33.9 % of the study area. Municipalities identified to be at high and very high risk of flooding
within the Abidjan District are Abobo, Yopougon, Adjame, Attecoube, Koumassi, Port-bouet,
Marcory, Treichville and some area of Cocody. The analysis of this map also show that, the urban
structure types play a key role in addition to population density, flat slope and heavy rainfall into
the risk of flooding in Abidjan; as well as other anthropogenic factors (urban structure type)
showing morphology level play an aggravating role in the risk of flooding. The resulting map
shows that 34% the study area representing high risk of flooding. Thus, this resulting map can

serve as a guideline to decision makers for potential anticipatory measures and mitigation.

4.8.4. Validation of AHP flood risk map of Abidjan

The resulting AHP flood risk was subjected to validation procedures to assess how the results of a
multi-criteria flood mapping approach conforms to reality of flood hazard occurrence in Abidjan.
The present result relies on flooded area recorded during field work and added by historical record
of flood events in Abidjan from the ministry in charge of urbanisation. In the validation process,
recorded flooded areas were plotted and then overlaid on the AHP flood risk map as shown in

Figure 4.34.
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Figure 4.34: Validation of AHP flood risk map with flooded areas records

The results show that from flooded areas record in Figure 4.34, a total of 79 % were all correctly
classified by AHP flood risk procedures used in this study under high and very high areas of risk.
Of this, 45.65 % fall in the very high risk area whilst 32.61 % fall in the high risk zone. The
remaining 21.74 % fall in the medium flood risk zone. This means that the developed flood risk

map accurately predicts areas at risk of being flooded in the Abidjan District.

4.9. Flood Hazard Index (FHI) model
4.9.1. Peak of runoff estimation

4.9.1.1. Runoff coefficient estimation
The runoff coefficient map resulting from the intersection of slope, land use and soil type was

classified from low to high (0.08-0.9) mainly dominated by low runoff (Figure 4.35). However,

most of the thirteen (13) municipalities with a rate of 9/13 municipalities were covered by moderate
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to high runoff coefficient except Songon, Bingerville and Anyama. Also within these
municipalities high runoff areas are scattered and divers from one area to another. Areas covered

by high runoff coefficient were unequally represented and scattered within the study area.
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Figure 4.35: Runoff coefficient map of Abidjan

4.9.1.2. Drainage Area

The drainage area vector layer of the study area, covering the area of each LULC types in Figure
4.36, was rasterized and resampled to 30m resolution. Over 70 % of the area is characterised by
forest and Farmland and less than 18% was covered by impervious surface. This predominance of

vegetated areas leads to low drainage in Abidjan District.
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Figure 4.36: LULC based on SCS table

4.9.1.3. Annual Rainfall

Rainfall distribution map in Figure 4.37 have five classes: very low and low classes represent 48.55

% and 17.97 %, respectively, medium class cover 13.4 % followed by high and very high classes

which are estimated to 15.43 % and 4.64 % respectively. However, except Songon and Anyama

communal. Others were covered by medium to very high amount of precipitation.
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Figure 4.37: Rainfall intensity map of Abidjan

4.9.1.4. Peak of Runoff
At the end of the calculation with the rational method, the peak runoff map was generated (Figure
4.38). Peak runoff map was mainly dominated by low area of peak surface runoff. After
standardization and reclassification, five (5) classes were identified. Areas covered by very low
and low classes represented 32.97 % and 63.82 %, respectively, medium area 1.97 % while high
and very high area of peak runoff were 1.23 % and O %, respectively. The peak runoff map
indicates that the study area is mostly covered by low level of peak runoff, which means that
infiltration in these areas are good. Areas with high peak runoff level cover mainly less than half

of the District municipalities, which are characterised by impervious areas in addition to areas

close to river and lagoon
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Figure 4.38: Peak runoff map of Abidjan

4.9.2. Digital Elevation Model (DEM)

DEM map in Figure 4.39 showed that in most of Abidjan District (Adjame, Plateau, Treichville,
Port-Bouet, Marcory, Songon, Yopougon, Attecoube, Koumassi, Cocody and Bingerville), a rate
of eleven out of thirteen (11/13) municipalities is covered by low to moderate elevation region
except Anyama and Abobo. This implies a favourable area as bed for extreme events such as flood.
After standardization and reclassification five (5) classes were also identified. Areas covered by
very low and low classes represented 31.90 % and 18.47 %, respectively, medium area covered

20.58 % while high and very high area of elevation covered 18.66 % and 10.39 %, respectively.
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Figure 4.39: Digital Elevation Model (DEM) map of Abidjan
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4.9.3. Flood hazard index map

The flood hazard index resulting map is a combination of hydrological and statistical model using
Peak of runoff and DEM in final step. This map defines five classes of hazard risk including very
low, low, moderate, high and very high areas at risk of flooding in Abidjan (Figure 4.40). Areas
covered by Very low and low areas of flood hazard covered 24.46 % and 17.68 %, respectively,

medium and high area of flood hazard were covered by 32.77 % and 22.12 %, respectively while

very high area of represented 2.97 %.
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Figure 4.40: Flood hazard index map of Abidjan

Deep analysis of this map showed that flat DEM and moderate to very high peak of runoff play a
really key role in flood hazard occurrence and Flood Hazard Index (FHI) mainly depend on the
elevation. On the whole, area at high flood hazard index within Abidjan District were Portbouet,

Koumassi, Marcory, Treichville and some areas of Cocody, Attecoube, Adjame and Yopougon.

CHAPTER 5: DISCUSSIONS

5.1. Land use/land cover dynamics of Abidjan

In this study, a spatial temporal dynamics of land uses/land cover in Abidjan was assessed based
on image classification and change detection method. The method applied was to highlight urban
area dynamics within Abidjan District and get a deeper comprehension. The results show change

in the three classes: vegetation, water and settlement from one place to another. The increase in
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settlement area was identified as major land use change compared to vegetation and water areas.
The reliability of this study is based on the accuracy assessment results. An increase in settlement
area over 14.95 % from 1990 to 2014 was highlighted by the dynamic results. Regarding urban
land use change, the increase in settlement areas has been documented extensively (Yan et al.,
2015; Megahed et al., 2015; Yao et al., 2015 and Goertz et al., 2003). This urbanisation sprawl
explained the consequence of population growth and demand for goods and is supported by Yao
et al., (2015), who indicated that, urban sprawl in Abidjan District from 2002 to 2014 is mainly

due to population growth during the crisis (2002-2011) and its demand for development.

The NDBI map highlighted urban area increase from 1990 to 2014 and confirmed land use results.
However, increase in settlement area was most important between 2002 and 2014, compared to

1990 and 2002. Indeed due to the country’s crisis which started in 2001, there was a lot of
population migration (rapid uncontrolled urbanization) from the north to the southern part of the
country mainly to Abidjan. Moreover, due to Landsat image resolution and reflectance it was
difficult to differentiate between bare soil and build- up during the processing and analysis which

can be factors of some bias.

5.2. LARS-WG model

The methodology for analysing the trend of weather data under present and future condition to
predict future climate change in Abidjan using HAACM3 model in LARS-WG to achieve it, was
supported by Goodarzi et al., 2014. The results consistency is linked to the strength of input
parameters. The observed daily data (temperature, rainfall, solar radiation) for 50 years were used
without the need to generate data as baseline data. The significant results of the different statistical
test through the Q-test showed that the availability of large observed data reduced the range of

uncertainty. This result confirms the assertion of Sobhany and Fateminiya, 2014, who said
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LARSWG gave high accuracy results of climate modelling and they were supported by many
researchers using LARS-WG (Semenov, 2008; Goodarzi et al., 2014; Molanejad et al., 2014). The
HadCM3 model used in this study is from GCMs which is already part of LARS-WG model and
subjectivity is also noted in the choice and range of data as input. This subjectivity is reduced by
checking the consistency of observed data as baseline by doing calibration and validation of the
data before generating the future scenarios which increases our confidence in the models’
predictions and reduces the level of uncertainty. The choice of HadCM3 model as used in the
present study was based on comparison between HadCM3 and MPEH5 models output and also
supported by literature. Then, Potential evapotranspiration (PET) scenario data was generated by

the model itself using the solar radiation data as input through algorithm.

However, GCMs and impact models are undergoing continuous development and improvement
because some research have showed some uncertainty and limitations by applying Global Climate
model at local scale due to methodical model calibration. Also, the availability data from others
stations within the District could increase accuracy level of the results and help for comparison
between several stations.

5.3. rclimdex processing

Weather and extreme events analysis mainly floods were investigated through rainfall indices
calculation of Abidjan in present and future condition using rclimdex model. The results based on
the 10 rainfall indices calculated revealed variation between negative and positive trends from one
index to another. Regarding the decreasing trend of these rainfall indices: Annual total wet-day
precipitation (PRCPTOT), Number of heavy precipitation days (R10), Number of very heavy
precipitation days (R20), Number of days above 25 mm (Rnn), Very wet days (R95p) and

Extremely wet days (R99p) from 1960 to 2010 summarized a reduction of rainfall in Abidjan
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following observation made by L’Hote et al., (2002) and Ali, (2011) which revealed a decrease in
annual total rainfall in West Africa mainly in the sahelian zone. However, the same results shows
positive trend for consecutive wet days (CWD) index from 1960 to 2010 which is in accordance
with Sarr, (2011) who found an increasing trend of consecutive wet days from the late1980s in
sahelian region. Hence, consecutive wet days (CWD), Simple daily intensity index (SDII) and
Number of heavy precipitation days (R10) indices show an increasing trend in the future
(20112100) with no significance (P-value> 0.05). From 1960 to 2010 and 2011 to 2100 most of
the rainfall (10) indices were not significant except PRCPTOT, R20 and Rnn indices trends from
1960 to 2010, which were significant with a P-value < 0.05. However, according to Ly et al.,
(2013), the occurrence of extremes is usually the result of different factors at different time scales.
Then, very few studies had been undertaken concerning extreme indices calculation in humid zone
of West Africa to compare with results of this study. But availability of daily data from other
stations within the study area could improve the results consistency by comparison between rainfall
indices from various stations.

5.4. AHP flood risk map

The Abidjan District flood risk was evaluated using the multi-criteria analysis approach
specifically AHP, combining vulnerability and hazard assessment. The flood risk was around 70
% when the summation of moderate, high and very high classes was done. The analysis showed
that 34 % of the study area is flood risk zone whiles a study by (OCHA, 2014) found that 26% of
Abidjan District area was at risk of flooding. Per the findings of OCHA (2014), this study results
highlighted that, flooded areas increased from 26% to 34% between 2013 and 2015, in Abidjan.
The analysis shows that most of the municipalities’ are within high and very high flood risk areas.
Eight out of thirteen (8/13) municipalities of the Abidjan District areas are at a high risk of flooding

and therefore need optimal design of technical solutions from the society. The reliability of the
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resulting flood risk map which gives acceptable results is based on input parameters, historical and
recorded flood data used for validation. However, input factors under hazard and vulnerability are
not standard and depend on the study area, focus and available data as observed in various studies
(Yahaya et al., 2010; Yalcin et al., 2004; Bapalu and Sinha, 2005; Saley et al., 2013). Regarding
flood risk map and modelling research undertaken, West Africa, has been documented extensively
(Saley et al., 2013; Saley et al., 2005; Mbow et al., 2008; Forkuo, 2011). Results from the hazard
map shows 32 % of the area as high hazard risk with rainfall and slope being the most significant
causative factors in flood occurrence. The vulnerability map also showed 24 % of the area as highly
vulnerable to flood with population density and land use through urban structure types as relevant

factors in flood risk.

Multi-criteria analysis (AHP) adopted for this study within Abidjan District enabled multi-source
data combinations, which constituted a real advantage. The method was based on physical,
hydrogeological and anthropogenic parameters. The parameters used in the flood risk map required
interpolations to allow their crossing. The results indicated that, AHP can be used as an efficient
method to assess and map flood risk ((Wang et al., 2011; Sowmya et al., 2015; Orencio, and Fuijii,
2013; Cozannet et al. 2013; Pourghasemi et al. 2014 Papaioannou et al., 2015; Nejad et al., 2015;
Saley et al., 2005). AHP methodology allowed for a better understanding of all the elements or
indicators contributions in flood process based on weight given to each of them. However, using
data from different sources, interpolating and reclassifying data in GIS to the same resolution are
factors of some bias during the processing and analysis. Normalization and weighted steps of these
parameters are important to reduce bias and uncertainty in the final result. Also, AHP method
shows some failure due to the subjectivity in choosing the value of the weighting for indicators

from arbitrary judgments of experts (Papaioannou et al., 2015). This weakness is reduced by the
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consistency ratio test of judgments. Saaty, (1980) provides a constancy ratio threshold which must
be less than 10% to make a coherent judgment. The value of consistency ratio as part of this study
is 3% and concludes that the judgments can be considered coherent. This study was inspired by
previous studies (Mbow et al., 2008; Saley et al., 2013; Forkuo, 2011, Savane et al., 2003) in West
Africa. However, it is clear that the risk of flooding is linked to combined action of many different
factors under two criteria: hazard and vulnerability. However, the result can be improved by the
development of urban structure types (UST) through oriented based image analysis (OBIA)
method using high-resolution images (Ikonos, RapidEye, QuickBird) to raise classification details
on urban morphology with good accuracy. Other parameters such as flow accumulation, and flow
velocity could be investigated as indicators of one of the criteria. Hydrologic modelling in 2D or

3D for efficient processing and management of floods (Santiago et al., 2015) can be added.
5.5. Flood hazard index model

In this model, a combination of hydrology (Rational method) and statistic models were assessed
in case of flood occurrence. Both methods were applied to join their strengths for reliable flood
hazard index map (FHI) in Abidjan. The benefit of combining hydrology and statistic models in
FHI assessment was supported by Asare-Kyei et al., (2015). The results show that, very high and
high areas of flood hazard were covered by 25.09 % while medium area was covered by 32.77 %.
Regarding the results, Abidjan is less vulnerable to flood hazard. However, the same results shows
that areas with very low and low elevation were areas detected as high areas of flood hazard which
means FHI is more dependent on elevation than peak runoff. In the study area, most of the high
areas of flood occurrence were found across lagoon, river and sea. Indeed, four out of thirteen
(4/13) municipalities were totally covered by areas of high and medium flood hazard. Also, five
out of thirteen (5/13) municipalities areas near to the lagoon were also covered by areas of high

and medium flood hazard. In total, nine out of thirteen (9/13) municipalities can be considered as
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areas covered by medium and high flood hazard which was also found by the AHP flood risk map.
It means rational method can be applied at District levels and it gives acceptable results. A
hydrological model normally relies on measured runoff coefficient to determine peak runoff
values. In this study, estimation of runoff coefficient cannot be exactly the same as those measured.

In addition, DEM of the study area, which is almost flat did not help to improve the model output.

CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1. CONCLUSIONS

i) The results of this thesis show the prominence of remote sensing and GIS in flood risk
assessment. The investigation of the spatio-temporal dynamics of land use/ cover change between
1990, 2002 and 2014 using the Maximum likelihood algorithm and in addition Normalized
Difference Build-up Index (NDBI) within Abidjan District revealed a considerable change in the
landscape. Rapid expansion of urban area and forest degradation were the major land use change
observed from 1990-2014. Vegetation change was the most important with a rate of 9.64 % of the
total change that occurred during the 24-year period. Also, water change showed a rate of 5.31 %.
Both changes involved total conversion of 14.95 % abstraction of landscape to urban zone.

i) LARS-WG model was used to generate specific climate change scenarios (weather data)
for prediction of weather events at Abidjan site using HAdCM3 Model and the optimistic emission
scenario SRA1B. Analysis after comparison between baseline and the generation of future weather
data from 2011-2030, 2046-2065 and 2065-2099 shows that, for the next 90 years, there will be
short term and long term increase in temperature and precipitation and a decrease in solar radiation
in Abidjan. LARS_WG was able to generate future scenarios and gave better understanding and
view concerning weather data variability in the future, more specifically rainfall in case of flood
risk event.
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iii) rclimdex model was used to calculate ten (10) rainfall indices to assess flood occurrence
as an extreme event from 1960-2010 and 2011-2100 after quality control and homogenisation of
the data. Results through ten (10) rainfall indices (PRCPTOT, CWD, R10, R20, Rnn, R95p, R99p,
RX1day, RX-5day and SDII) and comparison between observed and future indices revealed a
decreasing trend observed in rainfall from 1960-2010 and 2011-2100. However, general
observation made indicates an increasing trend from 1995-2010 for all rainfall indices and in
addition CWD, SDII and R10 indices show an increase from 2011 to 2100. This observation or
positive trend could explain that extreme rainfall events are more frequent nowadays in Abidjan
and some indices including PRCPTOT, R20 and Rnn results were very significant (p-value <0.05).
Then, increase of CWD, SDII and R10 indices from 2011 to 2100 clearly indicate that heavy
rainfall will occur in the future in Abidjan District. Moreover, these indices with positive trends
were no significant because P-value was greater than 0.05.

iv) The Multi-Criteria Analysis approach used in mapping areas at risk of flooding required a
combination of hazard map (slope, drainage, soil type and isohyet) and vulnerability map
(population, sewer system density and land use). These two complementary criteria highlight the
use of geo-information techniques in natural disaster assessment. The AHP method used allowed
the identification of areas at risk of flooding in Abidjan. The analysis of the risk of flooding map
shows five risk classes:

» 5.23 % of mapped zones have a very low risk. These areas are characterized by a high slope

which promotes runoff, low population and good drainage system.

» 24.37 % of the mapped zone presents low risk. In these areas the characteristics are identical

to those of low-risk areas.
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+ 36.31 % of Abidjan area counted as moderate risk. These areas were mainly covered by
moderate slope, acceptable runoff, and drainage systems.

* 19.97 % of the study area has a high risk. This level of risk is explained by the presence of
intense anthropogenic activity, heavy rainfall and low slopes.

* 13.92 % of the mapped areas had a very high risk.
The resulting map shows that 34 % of the study area presents high and very high risk of flooding.

The District of Abidjan exposed area at risk is important. Eight out of thirteen (8/13) municipalities
(Abobo, Yopougon, Adjame, Attecoube, Koumassi, Port-bouet, Marcory and some area of
Cocody) are covered by high and very high areas at risk of flood. Thus, the generated map can
serve as a guide for decision makers to come out with mitigation measures, better land use planning

and flood risk management under climate change.

V) The resulting Flood hazard index map was a combination of two separate models which
were coupled in this study and has proved the feasibility to model flood. Combination of both
models shows the strength of these to develop a Flood Hazard Index with acceptable accuracy
level. The flood hazard index shows that, 25.09 % of Abidjan is covered by very high and high
flood zones and the remaining 32.77 % were classified into medium risk zone. On the whole, the
areas at high and very high flood hazard within Abidjan District were Port-bouet, Koumassi,
Marcory Treichville, some areas of Cocody, Attecoube, Adjame and Yopougon. These are mainly
low land areas across the lagoon. However, flood hazard index is mainly dependent on the
elevation of the study area and the resulting map could serve as a useful reference for decision

makers and proposing possible solutions and mitigation strategies.
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6.2. RECOMMENDATIONS

Based on the results of this research, strict measures need to be taken concerning flood risk

mitigation.

vi) Policy makers should strengthen urbanization legislation, land use planning and enforcement to
regulate and control urbanization. In order to prevent more significant damage. vii) Special
attention should be paid in monitoring areas under very high and high flood risk. And also an
effective preparedness strategies should be developed to manage future extreme rainfall or floods
occurrence within Abidjan District.

viii) The use of high-resolution images: Ikonos, RapidEye, QuickBird to develop urban
structure type (UST) classification gives more details and high accuracy for land use /land cover
classification and change detection.

iIX) Monitoring and maintenance of the weather station stations in Abidjan District should be
improved and other data recorded. This will contribute to solve or reduce data gaps, and help to
obtain more reliable results regarding the spatio-temporal variations and distribution of weather
data for further analysis and extremes events evaluation.

X) Areas identified as a high risks require more detailed mapping studies that can improve and
refine the finding results.

xi) This study can still be improved by investigating the contribution of flood statistics (flood
depth and velocity) and-flow accumulation, Digital Water Model which could also influence the
magnitude and the occurrence of flooding.

xii) Finally effective preparedness strategies ought to be developed to manage future extreme

rainfall or floods occurrence within Abidjan District.
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APPENDICES

Appendix 1: Rational Method Runoff Coefficient Table from U.S. Soil Conservation Service
(SCS)

Runoff Coefficient, C

Soil Group A Soil Group B
Slope : <2% 2-6% >6%| <2% 2-6% =>6%
Forest 0.08 0.11 0.14| 0.10 0.14 0.18
Meadow 0.14 022 030|020 0.28 0.37
Pasture 0.15 025 037|023 034 045
Farmland 0.14 0.18 022 0.16 021 028
Res. 1 acre 0.22 026 029|024 028 0.34

Res. 1/2 acre 025 029 032 (028 032 0.36
Res. 1/3 acre 028 032 035 ({030 035 0.39
Res. 1/4 acre 030 034 037 {033 037 042
Res. 1/8 acre 033 037 040 [ 035 039 044

Industrial 085 085 0.86 [0.85 086 0.86
Commercial 0.88 0.88 0.89 |0.89 0.89 0.89
Streets: ROW 0.76 0.77 0.79 [ 0.80 0.82 0.84
Parking 095 09 097 |095 096 0097
Disturbed Area | 0.65 0.67 0.69 | 0.66 0.68 0.70

Rational Method Runoff Coefficients - Part I

Runoff Coefficient, C

Soil Group C Soil Group D
Slope : <2% 2-6% >6%| <2% 2-6% >6%
Forest 0.12 0.16 020 0.15 0.20 0.25
Meadow 0.26 035 044 | 030 0.40 0.50
Pasture 030 042 0.52| 037 0.50 0.62
Farmland 020 025 034| 024 029 041
Res. 1 acre 028 032 040 031 035 046

Res. 1/2 acre 031 035 042|034 038 046
Res. 1/3 acre 033 038 045|036 040 0.50
Res. 1/4 acre 036 040 047 | 038 042 0.52
Res. 1/8 acre 038 042 049 | 041 045 054

Industrial 086 0.86 087 |08 0.86 0.88
Commercial 0.89 0.89 090 | 0.89 0.89 0.90
Streets: ROW 084 085 089 |089 091 095
Parking 095 096 097 | 095 096 0.97
Disturbed Area | 0.68 0.70 0.72 | 0.69 0.72 0.75

Rational Method Runoff Coefficients - Part II

178



