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ABSTRACT
This study presents a comprehensive assessment of flood risk in Freetown, Sierra Leone,

incorporating the impacts of climate change and land use changes over a 30-year period from
1991 to 2020. Utilizing the Mann-Kendall trend analysis, it evaluates historical climate data,
including rainfall and temperature, to find out the climatic influences on flooding. The study
leverages the Rainfall-Runoff Inundation (RRI) model to simulate flood hazard inundation
depths in two key basins within Freetown. Additionally, it integrates the Analytic Hierarchy
Process (AHP) with Multi-Criteria Decision Making (MCDM) and Geographic Information
System (GIS) technologies to create an intricate flood risk map of the city. A detailed analysis
of land use and land cover (LULC) changes over the two decades, based on MODIS
classification, illustrates how rapid urbanization and the reduction in vegetation cover elevate
flood risks. The research utilizes 11 indicators for flood risk assessment using AHP MCDM
method, Rainfall, Slope, Elevation, Distance from River, Slope, LULC, Drainage Density,
Population Density, Distance from Road, NDVI and TWI.

The findings indicate a steady increase in rainfall and temperature throughout the study period,
with notable seasonal variations that influence flooding patterns. The RRI model's performance
was validated by correlating simulated depth against observed flood depths from twelve (12)
data points, showing coefficients of determination (R?) of 0.6582, Nash-Sutcliffe Efficiency
(NSE) of 0.621, and Percent Bias (PBIAS) of -4.73%, indicating a generally reliable model for

simulating flood hazards in Freetown.

The results from the AHP MCDM reveal that a significant portion of Freetown is subjected to
high to very high flood risks, highlighting the urgent need for effective flood management,
adaptation and mitigation strategies. By combining climate data analysis, hydrological
modelling, and spatial analysis within a multi-criteria decision framework, this thesis not only
delineates the current flood risk landscape but also lays a robust foundation for future urban

planning and environmental management initiatives in Freetown.

Keywords: Climate Change, LULC, Freetown, AHP_ MCDM, RRI and Mann Kendall Test.
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RESUME
Cette ¢étude présente une évaluation compléte du risque d'inondation a Freetown, en Sierra Leone,

intégrant les impacts du changement climatique et des changements d'utilisation des terres sur une
période de 30 ans, de 1991 a 2020. Utilisant I'analyse de tendance de Mann-Kendall, elle évalue les
données climatiques historiques, y compris les précipitations et les températures, pour identifier les
influences climatiques sur les inondations. L'étude utilise le modele d'inondation par ruissellement
(Rainfall-Runoff Inundation, RRI) pour simuler les profondeurs d'inondation dans deux bassins clés de
Freetown. De plus, elle inteégre le Processus de Hiérarchie Analytique (Analytic Hierarchy Process, AHP)
avec la prise de décision multicritere (Multi-Criteria Decision Making, MCDM) et les technologies du
Systéme d'Information Géographique (GIS) pour créer une carte détaillée du risque d'inondation de la
ville. Une analyse détaillée des changements d'utilisation des terres et de couverture des terres (LULC)
sur les deux décennies, basée sur la classification MODIS, illustre comment l'urbanisation rapide et la
réduction de la couverture végétale augmentent les risques d'inondation. La recherche utilise 11
indicateurs pour I'évaluation du risque d'inondation selon la méthode AHP MCDM, incluant les
Précipitations, la Pente, I'Altitude, la Distance par rapport aux rivieres, I'Utilisation des terres, la Densité
de drainage, la Densité de population, la Distance par rapport aux routes, I'Indice de végétation par
différence normalisée (NDVI) et I'Indice de topographie humide (TWI). Les résultats indiquent une
augmentation constante des précipitations et des températures tout au long de la période d'étude, avec
des variations saisonnieres notables qui influencent les mod¢les d'inondation. La performance du modele
RRI a été validée en corrélant la profondeur simulée aux profondeurs d'inondation observées a partir de
douze (12) points de données, montrant des coefficients de détermination (R2) de 0,6582, une efficacité
de Nash-Sutcliffe (NSE) de 0,621, et un biais en pourcentage (PBIAS) de -4,73 %, indiquant un modele
généralement fiable pour simuler les dangers d'inondation a Freetown. Les résultats de ' AHP. MCDM
révélent qu'une partie significative de Freetown est soumise a des risques d'inondation €levés a trés
élevés, soulignant la nécessité urgente de stratégies efficaces de gestion, d'adaptation et d'atténuation des
inondations. En combinant I'analyse des données climatiques, la modélisation hydrologique, et I'analyse
spatiale dans un cadre de décision multicritére, cette thése délimite non seulement le paysage actuel du
risque d'inondation, mais pose également une base solide pour les futures initiatives de planification

urbaine et de gestion environnementale a Freetown.
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1.0 INTRODUCTION

1.1 Background
Global flood catastrophes are becoming more frequent, owing to a combination of natural and

anthropogenic factors(Te Linde et al., 2011; Thomas & Lopez, 2015; Dottori et al., 2018) .
Among these disasters, flooding stands out as increasingly common and more damaging than
ever before(Garcia-Castellanos et al., 2009; Merz et al., 2021) . The negative impact of flooding
extends to infrastructure, including roads, buildings, and sewage disposal systems, with the
causes of these occurrences influenced by a myriad of factors, such as changes in precipitation
patterns, sea levels, and climatic zones (Munyai et al., 2021; Salimi & Al-Ghamdi, 2020).
Jongman et al., (2012). reported annual fatalities between 1980 and 2012 affecting 5900 people
with a cost exceeding $23 billion. It has been established that these dangers have a negative
effect on national economic growth(Sardar et al., 2016) . Floods usually happen when there is a
lot of precipitation. Over the years, several studies have been conducted in an attempt to unravel
the trends regarding the number of heavy precipitation events which are linked to flooding
around the world (Talchabhadel et al., 2018). According to Li et al., (2019) , while there is a
great deal of evidence indicating a rise in heavy precipitation events within a vast area across
the globe, these trends become more apparent and exceptional when considered within specific
temporal and spatial limits. Climatic factors are significant contributors to the occurrences of
flooding in Freetown, with heavy precipitation and seasonality being the key elements in this

respect(Kamara, 2016; Osuteye et al., 2020) .

Arguably, due to climate change, which is associated with the increase in temperature, global
temperature as well as changed rainfall patterns, in Freetown, extreme weather events will
become more frequent. Moreover, the rainfall will become even higher and, more importantly,
will happen within the short time periods, which will make the probability of risking severe
floods prevail (Cui et al., 2019a). Noteworthy, flooding is already evident in Freetown, although
the situation is exacerbated by rapidly rising sea levels, predominantly when storm surges are
experienced. Still, another major factor affecting flood hazard, among others, is urbanization.
According the United Nations, at the moment, 50% of the global population resides in urban

areas, and by 2050, it will reach 68 and they predict that by 2050, other 2.5 billion people will



be populated in urban territories (Angel et al., 2011; Li et al., 2019). Although urban flooding is

traditionally considered a stagnated response

West African countries face severe flood risks due to low infrastructure development, high
vulnerability of constructed buildings, the nature of the population settling along the floodplains,
reliance on agriculture for revenue, and poorly financed infrastructures. Furthermore, in the
wake of the necessity of predictive models, hydrological modeling is identified as the best tool

under the West Africa River Basin situation(Komi et al., 2017; Ntajal et al., 2017) .

Flood hazards or risks have been a great nuisance in very many coastal areas, and the country
of Sierra Leone has not been spared (Van De Sande et al., 2012; Kellens et al., 2013; Rueda et
al., 2017). Sierra Leone is faced with flood problem in all its major cities, with Freetown being
its capital, considering the major changes in the built-up regions rather than the occurrence of
extreme weather and high rainfall .The floodwaters have got nowhere to go since a lot of the

earth’s surface is now covered by roofs, roads, and pavements (Taherkhani et al., 2020)..

1.2 Problem
Flooding is a recurring and pressing issue in Freetown, the capital city of Sierra Leone(Leone,

2022). The city's geographical location, rapid urbanization, insufficient drainage system, and
climatic factors contribute to the frequent occurrence of floods, posing significant challenges to
the city and its residents(Turay & Gbetuwa, 2022). Freetown, Sierra Leone, is susceptible to
flooding in part due to its geographic location(Usamah, 2017a). The Atlantic coast city of
Freetown is known for its mountainous terrain, which includes valleys and steep

slopes(Redshaw et al., 2019a).

Due to its topography and closeness to the ocean, the city is vulnerable to floods during the rainy
season due to increased surface water flow and severe rainfall runoff(Cui et al., 2019b). The
drainage systems in Freetown are outdated, inadequate, and poorly maintained, making them
incapable of handling the heavy rainfall that occurs during the rainy season(Gogra et al., 2010).
Insufficient stormwater management causes water accumulation in low-lying areas and
overflow of streams and rivers, resulting in severe flooding and resultant damage to
infrastructure, property, and human lives(Leone, 2022). The study aims to provide valuable

insights on the assessment of flood risk in Freetown, Sierra Leone considering the impacts of
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Climate change and Land use and develop strategies to enhance resilience and mitigate the

impacts of floods in Freetown.

Figure 1-1 Drone Images of flood prone areas in Freetown (Source NDMA, 2020)

1.3 Research Objectives and Questions

1.3.1 Main Objective
The main objective of the study is to conduct a comprehensive study on Flood Risk Assessment

in Freetown, Sierra Leone considering the Impacts of Climate Change and Land Use in

Freetown and provide strategies for a more sustainable and resilient urban city.

1.3.2 Specific Objectives
1. Analyzing historical climate data (Rainfall and Temperature) for the past 30 years (1991-

2020) of Freetown.
2. Using RRI Model to simulate Flood Hazards in Freetown.

3. Producing Comprehensive flood risk assessment maps using AHP. MCDM while analyzing

two decades of land use and land cover changes in Freetown.



14 Research Questions
i.  How have historical climate patterns, particularly in terms of precipitation and

temperature, evolved in Freetown over the past 30 years (1991-2020)?

ii.  What are the key factors or criteria influencing flood risk in Freetown, and how have
these changed over the past two decades due to land use and land cover changes?

iii.  How does the integration of AHP (Analytic Hierarchy Process) within MCDM (Multi-
Criteria Decision Making) methods enhance the production of comprehensive flood risk

assessment maps for Freetown?

1.5 Relevance of The Study
Freetown, the capital city of Sierra Leone, is susceptible to frequent and devastating floods.

Climate change is expected to exacerbate this problem by altering rainfall patterns and
intensifying extreme weather events. Understanding the potential impacts of land use land
change and climate change on assessing flood risks in Freetown is crucial for developing
effective adaptation and mitigation strategies and enhancing the resilience of the city. The study
addresses the need for accurate and reliable flood risk assessments in the face of climate change.
By utilizing hydrological modelling techniques, researchers can evaluate how changing climate
conditions may influence flood risks in the future. This information is invaluable for urban
planners, policymakers, and stakeholders involved in disaster risk management and urban
development. Additionally, the study contributes to the broader scientific understanding of
climate change impacts on hydrological systems. Freetown serves as a representative case study
for other coastal cities in similar regions, facing similar challenges. The findings of the study
can be used to inform and guide similar research efforts in other vulnerable coastal cities around
Africa and the world. Lastly, the study's findings and recommendations can support
policymakers and stakeholders in decision-making processes. By identifying areas of high flood
risk, understanding the underlying drivers, and assessing potential adaptation and mitigation
strategies, the study offers practical recommendations for adapting and mitigating the impacts

of climate change on flood hazards in Freetown.

1.6 Scope of The Study
1.6.1 Geographical scope



The research was limited to Freetown which consist of both Western area urban and Western

Area rural districts,

1.6.2 Content scope
The study focused on Man Kendall Trends analysis, rainfall-runoff inundation Model (RRI) and

using Analytical Hierarchy Process (AHP) of Multicriteria decision making (MCDM) with the

aid of GIS to produce a Flood risk map of Freetown and analyzing LULC over two decades.

1.6.3 Time scope
The research was conducted for three months, from 17 December 2023 to 15 March 2024. The

Climate data that was utilized spans for 30 years i.e 1991-2020.

1.7 Limitations

1.7.1 Data Limitations
Lack of hydrological data which may affect the quality and accuracy of the modelling results.

No stream flow or river discharge data has been collected by the National Water Resources
Management Agency (NWRMA) as of date as a result of the civil war that occur in my country,

Sierra Leone. Duration of the research is very short to carry an extensive work.

1.7.2 Local Context and Socio-Economic Factors
The study may face challenges in comprehensively capturing the local context, including socio-

economic factors, community resilience, and governance issues that influence flood risks. An

in-depth understanding of these aspects may be limited by the scope of the research.

1.8 Thesis Outline

This Thesis is divided into five chapters:

Chapter One gives the background, problem statement, research objectives, research question,
relevance of the study, Scope of the study and limitations. Chapter Two is a critical literature
review on the study topic. Chapter Three describes the materials, methodology and approach
used in the executing the study. Chapter Four will present the data collected, analysed and results
obtained from the research. This chapter will also capture the discussions of the results by
comparing and contrasting the current study findings with those from related studies. Chapter
Five will contain conclusions and practical recommendations on how to assess flood risks whilst

considering the impacts of Climate Change and Land Use in Freetown, Sierra Leone.



2.0 LITERATURE REVIEW

2.1 Introduction
Global flood catastrophes are becoming more frequent, owing to a combination of natural and

anthropogenic factors(Te Linde et al., 2011; Thomas & LLpez, 2015; Dottori et al., 2018) .
Among these disasters, flooding stands out as increasingly common and more damaging than
ever before(Garcia-Castellanos et al., 2009; Merz et al., 2021) . The negative impact of flooding
extends to infrastructure, including roads, buildings, and sewage disposal systems, with the
causes of these occurrences influenced by a myriad of factors, such as changes in precipitation
patterns, sea levels, and climatic zones (Munyai et al., 2021; Salimi & Al-Ghamdi, 2020).
Jongman et al.,( 2012). reported annual fatalities between 1980 and 2012 affecting 5900 people
with a cost exceeding $23 billion. It has been established that these dangers have a negative
effect on national economic growth(Sardar et al., 2016) . Floods usually happen when there is a
lot of precipitation. Over the years, several studies have been conducted in an attempt to unravel
the trends regarding the number of heavy precipitation events which are linked to flooding
around the world (Talchabhadel et al., 2018). According to Li et al., (2019) , while there is a
great deal of evidence indicating a rise in heavy precipitation events within a vast area across
the globe, these trends become more apparent and exceptional when considered within specific
temporal and spatial limits. Climatic factors are significant contributors to the occurrences of
flooding in Freetown, with heavy precipitation and seasonality being the key elements in this

respect(Kamara, 2016; Osuteye et al., 2020) .

Arguably, due to climate change, which is associated with the increase in temperature, global
temperature as well as changed rainfall patterns, in Freetown, extreme weather events will
become more frequent. Moreover, the rainfall will become even higher and, more importantly,
will happen within the short time periods, which will make the probability of risking severe
floods prevail (Cui et al., 2019a). Noteworthy, flooding is already evident in Freetown, although
the situation is exacerbated by rapidly rising sea levels, predominantly when storm surges are
experienced. Still, another major factor affecting flood hazard, among others, is urbanization.
According the United Nations, at the moment, 50% of the global population resides in urban
areas, and by 2050, it will reach 68 and they predict that by 2050, other 2.5 billion people will
be populated in urban territories (Angel et al., 2011; Li et al., 2019). Although urban flooding is



traditionally considered a stagnated response in a particular local region(Harlan et al., 2019;
Ertan & Celik, 2021) , it is meanwhile identified as a critical factor leading to the exacerbating
frequency of floods ranges(Li et al., 2019; Pathak et al., 2020) . Notably, floods can be caused
by an increase in impermeable surfaces, which is related to the continued urbanization approach,
or due to natural disasters that tend to reduce the number of vegetation capable of absorbing the

rainfall (Y. Qin, 2020; Sharma & Malaviya, 2021).

The two primary factors that affect hydrologic processes in watersheds are land use and climate
change (Zhang et al., 2015). This is why the importance of flood risk assessment is often viewed
within the frameworks of climate change and land use changes. Nowadays, flood risk
assessment is a vital part of sustainable urban planning and disaster risk management, due to the
increasingly rapid climate changes. These changes make various water issues, such as floods
and droughts, more pronounced, which can impact ecology, the environment, and social security
to a great extent. The majority of floods take place as a result of such natural phenomena as rain
falls, which are typical for the rainy season or the typhoon season, causes extensive economic

damage (Li et al., 2019).

Previous studies have shown that land-use and climate change are the main factors that affect
runoff and cause floods(Neupane & Kumar, 2015; Pervez & Henebry, 2015). In particular,
urbanization often leads to the enlargement of the number of impervious surfaces as well as to
the shortening of the time within which rainwater flows directly to the drainage system, causing
a corresponding increase in runoff (Zhang et al., 2015). Land use changes, such as urbanization
and deforestation also have a serious impact on hydrological processes and, in their turn, they
lead to the enlargement of the areas that are vulnerable to floods(Dwarakish & Ganasri, 2015;
Tao et al., 2015). The integration of these two factors and subsequent changes in the flooding
scenario make the areas even more vulnerable to floods. Thus, complex flood risk assessment
should take place within the frameworks of both the changes in climate and land use, in order
to protect people and help the city management to develop appropriate policies leading to

sustainable development and climate change adaptation (Busayo et al., 2022).



2.2 Significance of the Study
Flooding is a major and recurrent problem in Freetown, the capital city of Sierra Leone (Kamara,

2016). The city’s geographical location, population pressure, low level of drainage system, and
climatic factors make floods seasonal nightmare in Freetown(Turay et al., 2023). This problem
is attributed to some degree by the location of Freetown, Sierra Leone (Usamah, 2017b). Firstly,
as almost every city on the coast of the Atlantic Ocean, the city of Freetown is a lowland one
and besides, it has vast mountain features comprising valleys, rifts, and steep slopes. Due to its
topography and location close to both the mountain and sea it channels floods during the rainy
season resulting from increased surface flow and intensive rainfall run-off (Cui et al., 2019a).
The drainage system in Freetown is also poorly constructed, inadequate, and maintained and,
thus incapable of withstanding the heavy rainfall accompanying the rainy seasons (Turay et al.,
2023). Poor stormwater management leads to the ponding of water in low-lying areas and
overflowing of streams and rivers, leading to the flooding of the region and thereby damaging
infrastructure, property, and causing the loss of human life. I will carry out my study in Freetown
and assess the impacts of Climate change and Land use, and derives strategic actions to ensure

resilience and mitigate flood risk in Freetown, Sierra Leone.

Sierra Leone is highly vulnerable to the impacts of climate change as an increase in temperature
and climatic change have contributed to frequent and extreme floods(IPCC, 2014). There is a
need to estimate and evaluate the risk of floods in Freetown, the capital of Sierra Leone. The
reason why the area is highly prone to floods is that it has been undergoing pressure from an
increase in population especially those settling in undesignated lands and deforestation as people
try to establish settlements and in result have destroyed natural vegetation which helps to prevent
a lot of runoff (Usamah, 2017b; Redshaw et al., 2019b; Cui et al., 2019a). Understanding the
causes and triggers driving flood risk in Freetown can transform data and knowledge on ways
to distinguish particular areas in the north and east of the town and specify the social dynamics
affecting flood exposure so that people can take action where it is most required(Harlan et al.,
2019). The situation in Freetown is unjust and participants must be involved in shaping the
future of risk assessment and flood risk Issue assessment in order to reduce vulnerability and
improve the ability to handle old problems. Correlatively, this study will also contribute to new

academic knowledge on the relationship between climatic changes, land-use policy, and land



utilization or land-use changes on flood risks in the region or land-use planning or land-use

planning and flood risks.
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Figure 2-1 Flood hazard map of Freetown (source: NDMA, flood points created by FCC)

2.3  Climate Change Impacts on Flood Risk

23.1 Overview of Climate Change Impacts Globally
Floods of a severe nature cause massive damage every year. In the summer of 2010, severe

flooding caused problems in Pakistan, India, and China. In addition, between October and

December 2010, Colombia was facing profound floods, and the summer of 2010/11 found

Australia in the middle of this natural disaster. In 2010 the highest recorded annual damage of a

single county with river flood was in China, with losses of US $51 billion. Further, as of 2010,
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Pakistan recorded almost 2,000 immediate deaths due to monsoonal flooding (Syvitski &

Brakenridge, 2013; Kundzewicz et al., 2014).

In 2011 the floods kept coming, hitting various African countries, many American countries,
and others in Asia. Over 50 people died from each disaster, with more than 1,000 people dead
in the Philippines and Colombia. In many of the countries listed, the material damage was
significant. Many of the reporting systems are very well developed in the more developed
countries, such as Mozambique, Namibia, South Africa, Uganda, Brazil, Columbia, Mexico,
USA, Cambodia, China, India, Korea, Pakistan, Philippines, and Thailand (Kundzewicz et al.,
2014).

West African countries face severe flood risks due to low infrastructure development, high
vulnerability of constructed buildings, the nature of the population settling along the floodplains,
reliance on agriculture for revenue, and poorly financed infrastructures. Furthermore, in the
wake of the necessity of predictive models, hydrological modeling is identified as the best tool

under the West Africa River Basin situation(Komi et al., 2017; Ntajal et al., 2017) .

Flood hazards or risks have been a great nuisance in very many coastal areas, and the country
of Sierra Leone has not been spared (Van De Sande et al., 2012; Kellens et al., 2013; Rueda et
al., 2017). Sierra Leone is faced with flood problem in all its major cities, with Freetown being
its capital, considering the major changes in the built-up regions rather than the occurrence of
extreme weather and high rainfall .The floodwaters have got nowhere to go since a lot of the

earth’s surface is now covered by roofs, roads, and pavements (Taherkhani et al., 2020).

2.3.2 Historical climate trends and analysis in Freetown, Sierra Leone
There are three main types of floods in Sierra Leone: Riverine, Flash, and Localized, taking

place mainly in urban areas. A more significant understanding of the flood hazards and relevant
investments in and management strategies can contribute to their ecosystem benefits while
reducing the vulnerabilities impulse. Sierra Leone, including Freetown, is exposed to several
types of natural disasters, floods, landslides, storms, and wildland fires were identified as the
most notable in the Freetown City Council, and international disaster database(Usamah, 2017b;
Cui et al., 2019a). In particular. Frequent flooding in Freetown causes substantial material

damages and loss of human life, especially in vulnerable areas and slums along the shore, which

10



are often characterized by bad construction (Turay, 2022). Through three successive decades
since 1980 to 2010, floods have increasingly become frequent in Sierra Leone, affecting about
221,204 people, leaving 145 people dead, equal to 11% of non-war disasters fatality index
(Tarawally et al., 2019). The trend is consistent in recent years. In 2015 there was a flood disaster
that affected more than 20,000 people country-wide. Notably, “severe floods have been
occurring in Freetown this year with continuous heavy rainfall on 5th and 6th of September
leading to river banks’ overflow causing 2,630 people in Bo & Pujehun districts derecet res
property damage” (Mboma,Adamu, 2021). On 23rd of September 2015, the floods also made a
big impact in Freetown displacing more than 14,000 people. On the 24™ of June, 2017, flooding
was also caused by heavy rains that displaced about 824 people in Largor Jasawabu and Foindu
Mameima and destroyed approximately 100 houses-three houses were totally destroyed in
Foindu Mameima (Redshaw et al., 2019b). Also, in August 2017, massive floods occurred
country-wide due to heavy rainfall. In July especially in Gisay, Masorie and other areas of
Gondama movement in some houses was visible indicating a high level of flooding. In August
heavy rains coincided with severe flooding in Karningo, Kamayama, Dwarzark and KrooBay
in Freetown Occured(World Bank, 2020) . Furthermore, on the 26th and 27th of August, floods
Country-wide especially in downtown Freetown, KrooBay were badly hit causing loss of lives
and property. Floods are more likely to hit urban areas within the Western Area especially slum
areas due to the poor drainage system. Risk-vulnerable areas in Freetown are Karningo,
Kamayama, Dwarzark, KrooBay, Congo Town, Kissy Brook, and culvert at Granville Brook

due to varying slope percentage.
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Figure 2-2  Summary statistic of historical disasters in Sierra Leone (1975-2020) (source
CRED, 2021)
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Figure 2-3 Hazards, Frequency and Magnitude of Disasters in Freetown (source HARPIS-SL)

2.4 Precipitation patterns and trends
Over the past several decades climate scientists have studied how a warmer climate can impact

global precipitation, its quantity, and geographical distribution. It is of critical scientific
importance as well as it tremendously influences society at large and the economy (Gu & Adler,
2015). Precipitation is a critical component of the water cycle. Its distribution over time and
space in addition to its changing patterns are linked to occurrences of floods and droughts. These
variations, in turn, are hazardous for agriculture, water availability, and economic growth
(Sultan & Gaetani, 2016; Tabari, 2020). Additionally, with global warming, heavy precipitation

seems to become more extreme over many areas because the atmosphere’s capacity to hold
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water vapor in the atmosphere upsurges. Water in the atmosphere is what fuels rain. Every
degree Celsius rise in temperature increases the atmosphere’s water-holding capacity by up to
around 6 to 7 percent. This is recognized by the Clausius-Clapeyron relationship of temperature
changes and their meaning in thermodynamics(Tabari, 2020). However, this relationship is

prone to increased temperature and changing conditions due to the climate.
2.5  Correlation between Climate Change and Increased flood risk

Flooding in large river basins usually results from heavy and prolonged rainfall, whereas in
high-latitude regions, melting snow (occasionally coinciding with rain or ice jams) is the second
leading cause. In smaller basins, floods are the result of short, intense rainfall. The relationship
between the amount of rainfall and how suitable an area for drainage snows are complex
processes. The most commonly mentioned consequence of future climate change is the
increased probability of river floods. Assuming this is the case, the number of estimates about
changes in future flood risk is surprisingly small, with a single aspect explaining why. Many
models report an increased frequency of specific flood events, whereas both aspects of future

flood floods are covered by only a minority of a minority.

2.6  Hydrological Modelling for Flood Risk Assessment
Hydrological modelling provides the basis for investigating the dynamics of water systems in

ecosystems to estimate the probability and consequences of floods (Brunner et al., 2021). Flood
modelling combines known topographic and geodata with existing methods of dynamic
simulation of flow processes, taking into account precipitation, evaporation, absorption, and
runoff. Based on climate data, soil and land data, hydrological simulations calculate the
likelihood, duration, and severity of floods, which is essential for devising effective solutions
for flood control(Alemu et al., 2023). Computing advances and modern remote sensing have
improved the accuracy of these models significantly, which is why it highly important for flood
management planning. Flood risks will increase further in the future, as the global climate
changes, and so it is crucial that research into this modelling method continues (Kumar et al.,

2023).

2.6.1 Principles of hydrological modelling in flood risk assessment.
Flood modeling is a crucial instrument for understanding and predicting the behavior and

impacts of floods (Nikoo et al., 2016). Developing mathematical models that simulate the
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hydrologic and hydraulic processes leading to floods is essential for predicting the spatial and
temporal distribution of floodwaters, as well as associated damages and hazards (Kumar et al.,
2023). Models extend our understanding of hydrological systems to extreme conditions and are
used to predict long-term impacts of human-induced environmental changes. This often
involves simulating scenarios for which there is no reliable data, venturing into uncharted

territories where verifying model accuracy is challenging (Alemu et al., 2023).

The choice of a hydrological model is influenced by multiple factors, often varying based on
the study's objective, like planning or operational needs, each demanding distinct types of
hydrological models. The selection also hinges on the actual conditions of the catchment area
and data availability (Pandi et al., 2021). Generally, these criteria focus on four basic

requirements:
» Required model outputs to be estimated by the model;

» Hydrologic process that needs to be modeled in order to estimate the desired outputs

adequately;
» Availability of input model;

» Cost.

2.7 Review of Rainfall-Runoff-Inundation (RRI)
The Rainfall-Runoff-Inundation (RRI) model marks a breakthrough in hydrological modeling,

offering an integrated method to assess how rainfall leads to runoff and flooding. It leverages
extensive meteorological, geographical, and hydrological data to predict flood risks accurately
across diverse environments(Sayama et al., 2012). The model's adeptness at navigating complex
basin shapes and varying conditions, such as soil moisture and land use, makes it essential for
effective flood risk management (S. Bhagabati & Kawasaki, 2017). As a pivotal tool, the RRI
enhances flood understanding, supports the creation of superior flood defenses, and aids in

planning efforts to reduce flood consequences(Nastiti et al., 2015).

2.7.1 Methodology and Application of RRI
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The RRI model operates in two dimensions (2D), allowing it to simulate both rainfall runoff and

flood inundation at the same time (Sayama et al., 2012).

The model differentiates between slopes and river channels, treating them as coexisting within
the same grid cell. Within a cell containing a river channel, the model visualizes the slope and
river as integrated, with the channel simplified into a vector that runs down the center of the
slope's grid cell. This setup creates an additional flow route that mirrors the real river's path
across grid cells. It simulates side flows across the slopes in two dimensions. For grid cells that
overlay river channels, there are dual water depth measurements: one for the channel and
another for the surrounding slope or floodplain. The exchange of water between the slope and
the river channel is determined through various overflow equations, which are selected based

on the relative water levels and the heights of any levees present (Sayama et al., 2012)
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Figure 2-4 Schematic diagram of the Rainfall-Runoff Inundation (RRI) model

2.7.2 Case Studies of RRI applications
Sayama et al., (2012) applied the RRI model to simulate the flood events in the Tsurumi River

Basin, Japan demonstrating its capability to accurately predict flood inundation areas and
depths, which was crucial for local flood risk management and emergency response planning.
In response to the 2011 Thailand floods, one of the most severe flooding events in recent history,
the RRI model was utilized to assess the flood dynamics and its impact across the country. The
model's predictions were instrumental in planning evacuations and mitigating the disaster's

15



effects (S. Bhagabati & Kawasaki, 2017). Following Typhoon Haiyan, Phillipines in 2013, the
RRI model was deployed to understand the flood impacts in the Leyte and Samar provinces.
The model provided vital information for rebuilding and rehabilitation efforts, focusing on
reducing future flood risks (Pakoksung & Takagi, 2016). The RRI model was employed to study
the Kelani River basin's flood risks in Sri Lanka, offering insights into flood mitigation strategies
and the benefits of reservoir management on flood control (Komolafe et al., 2018). The model
has been used to simulate flooding in urban areas, including the effects of heavy rainfall events
in New York City, United States. The study highlighted the model's ability to incorporate urban
drainage systems into its simulations, aiding in urban flood management planning (Smith et al.,

2021).

2.7.3 Relevance and Application of RRI to the study area
Given Freetown’s, Sierra Leone, vulnerability to floods resulting from the location of the city

and the intensity of rainfall, it is critical that the Rainfall-Runoff-Inundation model be
introduced. With the capability to simulate rainfall, runoff, and flood processes, the RRI model
is an exceptional tool for refining the management of flood risks and responses in such an
exposed urban setting. As a result, the application of RRI is likely to generate or generate more
precise flood forecasting, thereby improving the preparedness apparatus and promoting the
planning of the urban environment in a manner that minimizes the gravity of the flood impact.
Additionally, by allowing for flood mitigation measures, the execution of the RRI model assists
in identifying investments in such infrastructure as drainage systems or open spaces that
demonstratively reduce flood risk. Overall, the model is likely to revolutionize Freetown’s
approach to flood events through the improvement of planning and preparation processes. At
the same time, such practices will support the provision of information for policy-making
processes in terms of sustainable development that accounts for the city’s capacity for long-term

flood risk prevention(Smith et al., 2021; Monsonis-Pay4 et al., 2023).

2.8 Impacts of Land Use Land Cover Changes on Flood Risks
The connection between changes in land use and land cover and the increased risk of flooding

is well-documented in environmental science. The conversion of natural and absorbent ground
cover, such as forests, to impermeable urban surfaces, including roads and buildings, reduces
the land’s capacity to soak up rainfall. This leads to higher surface runoft, quicker river filling,

and, in turn, more frequent and severe floods (Idowu & Zhou, 2021; Rashidiyan &
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Rahimzadegan, 2024). Such activities as urban sprawl, deforestation, and intensive farming
have a further negative impact on the land’s ability to retain water, increasing its vulnerability
to flooding. (Kundzewicz & Menzel, 2003). According to a research conducted by Etim et al.,
(2023), he underscores the critical role of thoughtful land use planning and the preservation of

natural land cover in reducing flood risk by preserving the land's hydrological balance.

2.8.1 Analysis of land use and land cover changes in Freetown over the past two
decades
An analysis of the changes that took place in Freetown over the last twenty years reveals

significant tendencies towards urbanization and the associated environmental impact. Due to
rapid population growth, large parts of the region’s forests, wetlands, and agricultural lands have
been replaced by new urban and industrial developments. The resulting urban sprawl has led to
a drastic decrease in green spaces and other permeable surfaces in the city, reducing its capacity
to deal with rainfall effectively and increasing the risks of flooding (Ntajal et al., 2017;
Tarawally et al., 2019).

Deforestation for timber and to clear land for new settlements and agriculture around the fringes
of Freetown have reduced both the area’s biodiversity and intensified soil erosion. The erosion
contributes to the siltation of rivers and streams, reducing their ability to take water away and
increasing the risk of floods during heavy rainfall (Jackson, 2015). The coast in the Freetown
area has additionally been altered by the construction of solid land from the sea, interfering with
natural coastal processes and potentially increasing the city’s vulnerability to sea-level rise and

storm surges (Rodrigues, 2022).

2.8.2 Methodology and Reliability of Assessing Land Use Land Changes
Assessing land use changes with MODIS land cover data obtained from the USGS involves a

complex process ensuring reliability and accuracy. Time-series analysis is essential in this
process, as it utilizes the consistent long-term MODIS datasets to monitor and analyze the
changes in land cover over time, providing insights into the trends of interest, such as
urbanization or growth of agriculture(Yin et al., 2014) . In addition, the classification and change
detection methods use every year’s MODIS land cover classification to determine the specific
areas where changes have occurred, although the accuracy of these methods greatly depends on
the classification algorithms and expert interpretation of classifications (Friedl & Sulla-

Menashe, 2022). Ground-truthing and comparison of the MODIS data with high-resolution
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imagery are essential for validating the MODIS data to ensure that the detected changes
accurately reflect the actual state of the land cover environment on the ground(Filonchyk &

Hurynovich, 2020) .

Advanced modeling techniques that project future land use changes based on historical MODIS
data trends incorporate both environmental and socio-economic factors, offering predictive
insights that, while dependent on the model's assumptions and data accuracy, can be invaluable

for planning and management purposes (Rogan & Chen, 2004).

2.8.3 Impact of Land use land changes on hydrological processes and flood risks
Changes in the land use and land cover can be analysed in terms of hydrology using hydrologic

modelling, statistical evaluations, and comparative analyses of experimental catchments
(Banjara et al., 2024). Urbanization involves the replacement of vegetative surfaces with
impermeable ones such as concrete and asphalt. This interferes with the land’s ability to absorb
rainfall, which results in increased runoff volumes and higher speeds. In this way, the
accumulation of water in rivers and streams is accelerated, further heightening the risk of
flooding for surrounding areas and reducing the ability to recharge the groundwater (Garg et al.,
2017). The performed LULC changes have spatial implications for floods too, meaning that they
may increase in areas that were previously considered flood-safe. Moreover, the changes may
create the conditions for flooding in areas located upstream of changed LULC, interfering with
the ways that surface water will move and increasing the flow volumes. Ultimately, climate
variability interacts with the processes of LULC change and renders the assessment of flood
risks very complex and interconnected, which is why both factors should be analyzed for

hydrological modeling, planning, and water management (Sugianto et al., 2022).

2.8.4 Case Studies of Land use land changes in some urban areas
Abdulkareem et al., (2018) conducted a study in Malaysia to investigate how large-scale rapid

urbanization has increased surface runoftf and decreased infiltration rates resulting in increased
flood frequencies and magnitudes. Another study given by. Shannon et al., (2018) about the
Atlanta metropolitan area in the United States found out that in such built-up areas of urban
sprawl, the hydrological cycle can be altered and that urban flood are more frequent and the
volume is higher. The document further emphasized the need for the integration of green

infrastructure to alleviate these effects and balance the impact of urban sprawl.
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The expansion of Addis Ababa was characterized by numerous land use and land cover changes,
more likely caused by rapid urbanization and infrastructure development. According to Terfa et
al., (2019), the outward expansion of the city added to the cultivation of agricultural land into
urban land put people’s lives in danger and resulted in a rising number of land disputes. Dekolo
etal., (2017) studied the city of Lagos and concluded that the inconsistent spike in the population
of the Lagos megacity area and the gathering need of more urban area have exerted enormous
pressure on its peri-urban extent and their natural resources. This includes forests and valuable
agricultural lands in Ikorodu, Lagos. Research on Cairo, Egypt by Salem et al., (2020) indicated
that peri-urban area of Greater Cairo or GC has completely changed its land use and land cover
or LULC after the Egyptian Revolution in 2011. The author’s research from Landsat images
from 2010 and 2018 has the outcome which shows how the area has drastically morphed.

2.9 Flood Vulnerability Mapping Techniques

2.9.1 Overview and Assessment of Flood vulnerability
The concept of "vulnerability" refers to the assessment of potential risk, incorporating the socio-

economic capacity to manage the adverse outcomes of a disaster. The aim of flood vulnerability
assessment is to evaluate the likelihood and severity of flood-related hazards over an extended
period (Baky et al., 2020; Membele et al., 2022; Vignesh et al., 2021). According to Cardona et
al,( 2013) the purpose of vulnerability assessment is to ascertain the likelihood of risks over
long durations, spanning decades, in order to support risk management efforts. A vulnerability
assessment is a complex method designed to identify areas at risk and launch effective strategies
for sustainable management (Danumabh et al., 2016; Vignesh et al., 2021). Among the various
methods and techniques employed to study flood hazards and their consequences, the Analytical
Hierarchy Process (AHP) stands out as a clear and systematic approach. Developed by Saaty in
1980 within the Multi-Criteria Decision Making (MCDM) framework, AHP is used to evaluate
and manage flood risks effectively (Saaty, 2008).

2.9.2 AHP_MCDM methods in Flood vulnerability mapping
The Analytic Hierarchy Process and Multi-Criteria Decision-Making methods are a finite

arrangement for evaluating ecological hazards. This management resource helps to divided the
issue into many levels, so that generic approaches to many criteria and alternatives can be
exercised. Flood vulnerability mapping, by use of AHP and MCDM, helps the stakeholders to

draw a comparison other present avalanche assessment. Subsequently, it aids in providing a
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relative quantification of the vulnerability levels in various places such as those involved in this

casc.

2.9.3 Methodological framework and applications
The process of the development of the Analytic Hierarchy Process comprises five main steps,

which are described below:

2.9.3.1 Pairwise Comparison Matrix
The first step, criteria weights are determined by constructing pairwise comparison matrices at

each decision level. Saaty's scale (Saaty, 1980) is employed for the selected criteria. The upper
half of the matrix utilizes a series of absolute numbers ranging from 1 to 9 to denote individual
preferences for each pair. Meanwhile, the lower half of the matrix assigns ratings equivalent to
the reciprocal of the value of the corresponding pair in the upper matrix. These ratings are
based on the subjectivity, experience, intuition, and inherent knowledge of decision-makers

(Saaty, 2008).

Decisions made within the pairwise comparison matrix regarding flood hazard and
vulnerability are informed by comprehensive literature reviews, input from area experts,

decision makers, stakeholders from academia, and members of the local community.

The pairwise comparison matrix was generated by ascribing a numerical value between 1 and
9 to each factor, reflecting their relative significance. This matrix was built through

comparisons where:

Table 2.1 Pairwise comparison matrix

9 Extremely preferred

8 Very strongly to extremely
7 Very strongly preferred

6 Strongly to very strongly
5 Strongly preferred
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4 Moderately to strongly

3 Moderately preferred
2 Equally to moderately
1 Equally preferred

The parametrization was done basing on previous literature from similar studies carried out.
These comparisons facilitated assessing how each criterion or factor relates to others, ultimately
assigning weights to different factors influencing flood events based on their priority.

Consequently, this matrix aided in establishing the relative weights of the criteria.

2.9.3.2 Eigen Value Technique
In the second step, the Eigen value technique is utilized to determine the relative weight of each

decision indicator and sub-indicator (referred to as the Estimated Eigen value). This is
accomplished by multiplying all elements in each row of the matrix together and then computing

the Nth root of each element using the equation (2,1)
Estimated Eigen Value (EE) of Each Element= " a, xa, xa.xa,X............ Xay

Where aa,ab,ac,ad,...ccvvveennn... an are the values of the row elements and N 1s the number of

the row elements.

2.9.3.3 Relative Importance Weight (RIW)
The third step is to calculate the sum of EE values in a given column and estimate the Relative

Importance Weights (RIW) for each row element of that decision factor using the Equation

below
Relative Importance Weight (RIW)=EE| + EE> +EE3+EE4+...............oooinil. +EEN
Where EE1, EE2, EE3, EE4, ...... EEN are the Estimated Eigen value of each element.

2.9.3.4 Consistency Index (CI)
The fourth step involves checking for consistency. This is achieved by calculating the

Consistency Ratio (CR), which indicates the quality of the pairwise comparisons. In practice,
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the decision maker's expression may introduce some ambiguity that could lead to

inconsistencies in the matrix. (Mishra & Sinha, 2020).
A check of whether the comparison is consistent was performed using the equation below:

Where n represents the number of factors being compared in the matrix and is the highest
eigenvalue of the pairwise comparison matrix. The maximum eigenvalue was computed

following the procedure below:

Multiply each value in the column by the criteria weight.

» Compute the weighted sum value by adding the values in the rows.

Calculate the ratio of each weighted sum value to the respective criteria weight.

Average the ratio of the weighted sum value to the criteria weight.

Finally, the consistency of the pairwise comparison matrix was calculated using consistency

ratios as represented in the equation below.

where;
CI = Consistency Index which reflects the consistency of the judgment

RI=Random Inconsistency Index dependent on the sample size according to the number of

factors used in the pairwise matrix.

Table 2-2 Random Index Values

Number of
Criteria 1 2 3 4 5 6 7 8 9 10 11
Random
Index (RI) 0.00 | 0.00 0.58 | 0.9 1.12 1.24 1.32 | 1.41 | 145 |1.49|1.51
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If the consistency ratio (CR) falls below 0.10, the pairwise comparison matrix exhibits
satisfactory consistency. Conversely, if the CR exceeds 0.1, it signifies that the pairwise
comparison matrix lacks adequate consistency, necessitating the repetition of the process until
the CR drops below 0.1. This helps in assessing the reliability and consistency of the decision-
making process ( (Membele et al., 2022; Saaty, 2008; Zhang et al., 2015)

2.9.3.5 Aggregate of FHI & FVI
The fifth step is to derive the flood hazard index (FHI) and flood vulnerability index (FVI) by

aggregating the RIWs at each level of hierarchy using Equation (2.5).

FHI/ FVI =) RIW xRIW

Where, FHI/FVI = Flood Hazard / Flood Vulnerability Index
N2 =Number of level 2 decision factor
RIW?* = Relative Importance Weight of level 2 decision factor i.

RIW 3 = Il./{elative Importance Weight of level 3 sub-factor j of level 2 decision factor i (Mishra
& Sinha, 2020).

2.10 Comparative analysis of AHP_MCDM with other methods
2.10.1  AHP vs. Technique for Order Preference by Similarity to Ideal Solution

(TOPSIS)

TOPSIS, a widely recognized method in Multi-Criteria Decision Making (MCDM),
selects solutions through a geometric lens, aiming for the option closest to the ideal and furthest
from the least desirable. Contrary to the Analytical Hierarchy Process (AHP), which employs
pairwise comparisons for setting priorities and ensuring consistency, TOPSIS relies on
measuring distances from an optimal point. This approach may seem more straightforward and
suitable for specific decision-making contexts, particularly when creating a decision matrix is
relatively simple. Nevertheless, for complex decision-making situations that involve various

layers of hierarchy, AHP offers a more thorough examination (Behzadian et al., 2012).

2.10.2 AHP vs. Simple Additive Weighting (SAW)
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The Simple Additive Weighting (SAW) technique, a fundamental approach within Multi-
Criteria Decision Making (MCDM), involves assigning weights to various criteria and scoring
alternatives according to these criteria. Although SAW is direct and easy to apply, it does not
offer an in-depth exploration of the decision-making hierarchy or the significant weight of each
criterion, unlike the Analytical Hierarchy Process (AHP). AHP utilizes a pairwise comparison
approach, offering a more elaborate and organized analysis that enhances the understanding of

the relationships between criteria and alternatives (Vaidya & Kumar, 2006).

2.11 Integration of Climate Change, Land Use and Flood Risk Assessment
Historical climate data, hydrological modelling and land use changes are all essential parts of

assessing flood risks more accurately. At the same time, the combination of these methodologies
enables the use of many approaches to understanding flood vulnerabilities’ issues and
management. The historical climate data is a cornerstone of the examined process. These data
allow analyzing long-term weather patterns and identifying the frequency and intensiveness of
floods in the past. Therefore, such data are essential for predicting similar scenarios in the future
as well (Merz et al., 2021). Hydrological modelling provides an opportunity to obtain the
information on how water moves and is distributed under specific circumstances based on such
variables as climate data, surface type, topography and soil properties. In other words, this model
offers valuable insights into how water behaves under various environmental conditions.
Coupled with the method of evaluating the changes in land use, such as urbanization or
development of particular domains, the examination of increased flood risks is possible. For
instance, when urban areas expand, the number of impermeable surface increases, resulting in
a higher surface runoff with asocial flooding. Therefore, the application of the described
combined approaches allows assessing floods’ risks and consequences by looking at the bigger,
more detailed picture. Such complex examination helps better understand the consequences on
the environment and apply this knowledge to the flood management measures that would be
more efficient, adapted, and resistant to the problems of the past and the present(Garg et al.,

2017; Merz et al., 2021).

2.11.1 Importance of interdisciplinary approach in flood risk assessment
Interdisciplinary approach in flood risk assessment is used because it is the only way to make a

comprehensive flood management plan that works. It involves, at least, hydrology, climate,

urban planning and environmental science(RaSka et al., 2022). This method combines prediction
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of water behaviour and weather data with information about how land and cities are being used
for going more deeply on what is going on with floods. It is needed for identifying the spots
which are in danger, the wise use of resources to protect these areas from flooding, and the right
construction of infrastructure that can cope with floods in the future. Integration within social
science helps to equip the plans with taking care of the final people and makes it also in favour
of them, not only of being technically competent. This approach to the matter allows to have
better flood predictions and create strategies that are highly efficient, environmentally friendly

and think about everyone’s demand, and ‘work together in flood challenges (Merz et al., 2021).

2.11.2 Review of similar studies conducted in other regions with comparable
environmental and socio-economic settings
Bangladesh, which is one of the most tractable relief regions in the world, is a remarkable

example of integrated flood risk management measures. For the country regularly affected by
the catastrophic seasonal rains, traditional flood prevention measures, as embankments, flood
forecasting and warning systems have relatively good performance. Similarly to Vietnam, both
countries apply proactive social adaptation strategies with the implementation of community-
based preventive measures. The post-event survey completed by Rahman & Salehin, (2013)
reveals multidimensional benefits of traditional social adaptation strategies and their

compatibility with modern technological and policy approaches

The Netherlands, with a significant portion of its land below sea level, has long been a pioneer
in flood management. The Room for the River program represents a shift from traditional dike
reinforcement to creating more space for rivers to reduce flood risks. This approach involves
measures like dike relocation, floodplain restoration, and the creation of water storage areas.
The program underscores the importance of adopting flexible and adaptive management
strategies that work with natural processes and the value of stakeholder engagement in planning

and implementation processes (Klijn et al., 2015).

2.11.3 Gaps in the current research and potential areas for future study
Nonetheless, the existing research still contains gaps to some extent, primarily in the areas of

the relationship between climate change impacts and flood frequency and intensity, socio-
economic vulnerability, and long-term flood management sustainability. It is possible and
suggested that subsequent studies should focus on the implementation of climate change

projections in flooding appraisal models. Unique aspects of the local community to be included
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in community engagement strategies need to be identified and incorporated. Finally, the use of
green infrastructure and nature-based solutions as a more economically viable perspective for
managing floods should be researched further. Thus, this research is highly valuable and
applicable to developing flood risk management policies and practices in Freetown, Sierra
Leone. Being a developing city in a developing country, Freetown has specific sets of challenges
and lacks resources, which is why the knowledge acquired during the analyses of issues
experienced in other environments with similar environmental and socio-economic contexts.
The use of an integrated policy that involves the local community in local knowledge acquisition
techniques and floods management as they pertain to the use of both physical devices such as
sluices, ditches, etc. and the creation of local regulations and policies will allow Freetown City

to manage flood risks successfully.
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3.0 METHODOLOGY

3.1 Introduction

This study will combine Historical Climate Data, RRI Model (Hydrological Modelling), and
coupled with AHP_MCDM using GIS as a tool for understanding and analyzing and assessing
flood risk in the context of land use and climate change in Freetown, Sierra Leone. The RRI
Model (hydrological modelling) will use historical climate data from observed rain gauge
stations to simulate the inundation depths. These models will simulate the flood hazard depths
in the two selected basin in the study area. The historical climate data of Freetown spanning
over a period of 30 years will use the Mann Kendall Trend Test and Sens Slope to determine if
there is a significant trend or not which forms essential component in the comprehensive study
on flood risk assessment in Freetown. These datasets also provide further insights into the past
climatic change, including temperature changes, and rainfall patterns especially with seasonal
variation. The AHP_MCDM using GIS provides high resolution satellite imagery that can be
used for developing Flood hazard Maps and Flood Vulnerability Maps, which allow us to
generate comprehensive Flood Risk Maps considering expert view, literature studies, and
decision makers and local people perception. GIS will be used to observe the changes in LULC
over the past two (2) decades to show how the land use has changed over time in Freetown. All
these techniques combined can be used for gaining comprehensive Flood Risk considering

Freetown considering Impacts of Climate Change and Land Use.

3.2  Description of Study Area
Freetown is the capital city of Sierra Leone found on the western coast of Africa. It is found on

a natural harbour, the Sierra Leone Estuary which opens to the Atlantic Ocean. The city is built
on a hilly terrain with the coastline stretching along the south and west. Freetown is located at
about 8.5°N latitude and 13.2°W longitude (Cui et al., 2019b). It has an area of about 357 square
km. The city has a tropical climate with two distinct seasons. The dry season which falls between
November and April and the rainy season which runs between May and October(Redshaw et

al., 2019b).
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Figure 3-1 Map of the study area (Freetown)

3.3 Climate

Freetown, the bustling capital of Sierra Leone, lies on the West Coast of Africa. Its unusual
location occupies a mountainous peninsula encroaching into the territory of the Atlantic Ocean
does not remain without a trace for the tropical climate, giving it a specific environmental and
cultural peculiarity(Cui et al., 2019a). The tropical monsoon climate is characterized by two
unequal seasons, one of which is the raining season. This season is related to the broader climatic
conditions of the West African sub-region. The movement of the Inter Tropical Convergence
Zone (ITCZ), which also determines the natural characteristics of the selected area(Taylor et al.,
2014) , has a special influence on the climatic conditions of the rainy season .

3.3.1 Rainy Season

The rainy season extends from May to November for half a year, which also explains the high

humidity of the city. Fluctuations in the level of monthly precipitation are 7-31 inches (177 to
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787mm). The ITCZ in its maximum poleward position inclines the high temperature of moist
tropical maritime air masses, thereby giving rise to a long period of plentiful rainfall, punctuated
by heavy rain. The season is not easy due to the occurrence of numerous flooding and landslides,
but it is related to agriculture. It is also important for the city and its residents to fill the water
reserves(Taylor et al., 2014; Lahai et al., 2021).

3.3.2 Dry Season

Strictly opposite, the dry season is observed in November-April for six months, where
precipitation flows become less frequent. The ITCZ is moving away from Freetown, and the
sky is less covered. Life in the city becomes more measured and freer than in the rainy season.
The weather is comfortable for locals and tourists, as the daytime temperature does not exceed
30°C. But the night temperature drops slightly and there is an average of 24°C. The climatic
characteristics that accompany the dry season are constant throughout the year. In this season,
some dust-laden northeast wind blows, known as Harmattan, from the Sahara Desert, affecting
the air quality of public health and flight(Kargbo & Frazer-Williams, 2017; Lahai et al., 2021).

34 Materials and software used

Table 1.1 Software, source and author of the materials use

No. Soﬁti\;are Source/type Author
ArcMap | http:// www. Esri. com/ pro ESRI(
Environmental
1| (GIS
10.8) _ ‘ Systems Research
: Geographic Information System (GIS) Software Instittute)
https://www.pwri.go.jp/icharm/research/rri/rri top.html
Kpvgt pcvk
2 | RRI Hydrological Modelling Software Egpvtg"”hgqg
Jc| c*KEJCT
Earth https://earthexplorer.usgs.gov/
3 Explorer | Earth Observation data discovery and download USGS
platform
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https://earthexplorer.usgs.gov/

Add-in from Excel

4 | XLSTAT AddinSoft
Statistical software add-in for Microsoft Excel

3.5  General Research Design and Sampling Method

The research design utilized a mixed-methods approach, incorporating quantitative data
collection techniques to achieve the objectives of analyzing historical climate data for the past
30 years using Man Kendall Trend Analysis, developing hydrological model to evaluate Flood
Hazards and to produce a comprehensive flood risk assessment map whilst analyzing two
decades of LULC in Freetown. To analyze the historical climate data using Man Kendall Trend
Test, a purposive sampling technique was employed to select historical climate data from five
meteorological stations within Freetown. The data covered Rainfall and Mean, Maximum and
Minimum Temperature. To develop an accurate hydrological model for Flood Hazards, a post
flood survey was conducted to flood prone area and the RRI Model was used for the inundation
depth. To produce a comprehensive flood risk assessment map, the AHP MCDM was utilized
where in both Flood Hazard criteria and Flood Vulnerability criteria were identified and use to
generate it based on expert view, literature reviews and local people. For analyzing the LULC
for the past two decades, LULC map of 2001,2010 and 2020 were used to observe the change
detection. In overall, this selection of a research design complemented by using a mixed-
methods approach to achieve the objectives required for such research related to analyzing
historical climate data in Rainfall and Temperature, developing a hydrological model for Flood

Hazard, producing Flood Map and LULC Map for the past two decades of Freetown.

3.6 Data Collection

This research made use of both primary and secondary data collection. The primary data were
made of observed historical climate data through Rainfall and Temperature which were obtained
from the Sierra Leone Meteorological Agency, and some data was collected from National Water
Resources Management Agency. The climate data was averagely collected on five (5) different
rain gauge stations in Freetown. The secondary data constituted of spatial and non-spatial data.
The Spatial data consisted of the geographical map of the study area, DEM, LULC, and Rainfall

while non-spatial data included the socioeconomic data, questionnaires and relevant information
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collected among the residents of Freetown. In addition, some secondary data such as drone
images of Flood prone areas in Freetown and some relevant information had been acquired from

the National Disaster Management Agency Sierra Leone.

3.6.1 Secondary Data Source

Secondary data collection involved the identification, searching, evaluation, and acquisition of
existing secondary data and data sets that have been previously collected by other researchers,
organizations, or sources. Outcomes of the data are for a purpose other than the current study.
Sources for secondary data included data sets, research studies, organizations, publications, and
government records. It involved utilizing currently available and easily accessible information
that is relevant to the captive audience. The secondary data constituted spatial and non-spatial

data.

3.6.1.1 Spatial Data

At the commencement of the methodology, the necessary spatial data, the geographical map of

the study area, was sought, which was obtained online from https://www.diva-gis.org/datadown,

lulc and DEM from https://earthexplorer.usgs.gov. The acquisition of the relevant spatial data

was done using the 10.8 ArcGIS version. Subsequently, the exact geographical map of the study
area, Freetown, was then digitized. Figure 3.1 depicts the outcome of the acquired geographical

map of the study area.

3.6.1.2 Non-Spatial Data

This type of data collected included the flood data and drone imagery of flood-prone areas in
Freetown. The information and some questionnaires were obtained from the National Disaster
Management Agency. Additional information includes the details of an interview with the locals

executed after the floods.

3.7  Methodology for Trend Analysis
3.7.1 Research Data Methods

To assess changes in rainfall, mean, maximum and minimum temperature data throughout the

years from 1991 to 2020, this study used a quantitative research technique. To detect probable
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trends and changes in these climatic variables, historical weather data were gathered and

examined.

3.7.2 Sampling Method

To collect data, five representative rain gauges weather stations such as Guma Regent, Tower
Hill, Freetown Teachers College (F.T.C), Hastings and Fourah Bay College (F.B.C) were chosen
using a purposive sample approach. Purposive sampling was used because they are few rain
gauge stations in Freetown, Sierra Leone that were effectively working after the 11 years of civil
war. According to (Tongco, 2007) selecting the purposive sample is crucial for obtaining high-
quality data; therefore, it is essential to ensure the reliability and competence of the informants.
This five-rain gauge above where selected because they were the only stations with data that

remain unaltered after the civil war in Sierra Leone (see figure 3.2 below).
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Figure 3-2 Rain gauge stations in Freetown
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3.8 Data Collected

Four main types of observed data were collected for each selected rain gauge station: daily and
annual rainfall measurements, daily and annual mean readings, daily and annual minimum
temperature readings, and daily maximum temperature readings. These data points were
recorded from January 1991 to December 2020, resulting in a comprehensive dataset covering

three decades.

3.8.1 Data Analysis Methods

The collected data underwent a series of rigorous analyses to determine trends and changes over

the specified period.

Data Preparation

v
Linear
Correlation
Analysis

A 4

Mann-Kendall Trend
Analysis

/ ~

Seasonal Trend Monthly and Annual Trend

Figure 3-3 Conceptual Framework for Mann Kendall Trend Analysis

The data preparation process basically involved processing of observed daily rainfall data, and
mean, minimum and maximum temperatures data. The daily rainfall data was converted to
monthly totals while the daily maximum and minimum temperatures were summed up to
provide monthly totals as well. To determine the trends in rainfall, mean temperature, maximum

temperature, and minimum temperature, the statistical software Addinsoft XLSTAT 2018 was
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used. The software package was used to analyze the trends in the four variables on monthly,
seasonal, and annual basis. For the trend’s determination, the values of rainfall, mean,
maximum, and minimum temperatures were segregated from the samples for each month
between the years 1971 and 2010. The already segregated values were then used to run the
Mann-Kendall trend test, whose calculations were done as shown in equation (1). The MK test
formulae are specific to the formulae given in equation (1) below. For this reason, I used these
techniques to derive the presence or the absence of any trends as well as the direction of the
trends in relation to the data values. [ used the Sen’s slope estimator in equations (2) to determine
the magnitude of the identified trends. The use of Addinsoft XLSTAT 2018 together with these
equations implied that the trends in the monthly, seasonal and annual datasets of rainfall,

maximum, mean, and minimum temperature data could be carried out.

3.8.1.1 Mann Kendall Test

Mann-Kendall test is a widely used statistical test for trend analysis in climatological and
hydrologic time series (Hu et al., 2020; F. Wang et al., 2020). It is mostly used in data sets which
contain meteorological, hydrological and environmental elements to find the monotonic trends.
According to Tabari, (2020), Mann Kendall test has many advantages in terms of being a non-
parametric test, thus no need to be normally distributed, and relatively non-sensitive to sudden
breaks in a time series since inhomogeneity. The null hypothesis, Ho, asserts that the data are
random and independent and have no monotonic tendency, or that there are no significant trends
regarding the data. The alternative hypothesis, H1, says that there is a monotonic trend in the
data under consideration. Both null and alternative hypotheses are used in the Mann-Kendall

test. The Mann Kendall z-statistic is written as :

i 1S
Equation (1) Z—a 0F

A positive value of S indicates that there is an increasing trend and vice versa. These tests are
applied to the precipitation and mean temperature data to detect the trends and quantify the

changes both spatially and temporally.
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3.8.1.2 Sen’s Slope

Sen's slope is used to forecast the magnitude of a trend and to estimate the real slope of an

existing trend that is assumed to be linear (Da Silva et al., 2015). It is given as:
Equation (2) f(t)=Qt+ B

where Q represents slope, B represents constant and r is time. To estimate the value of Q, the

slope of all the paired data is calculated first using
Equation 2) Qt= — —

Where Xj is data value at time j and Xk is data values at time k. If the time series contains n
values and xj, there will be as many slopes estimates Qi as N = n(n1)/2. The median of these N

values of Qi is used as Sen's estimator of slope.

3.9 Methodology for Rainfall Runoff Inundation (RRI) model

The RRI model, which implies Rainfall Runoft Inundation model, is a two-dimensional (2D)
model that is capable of simulating both precipitation runoff and flood on the same spot
simultaneously (Sayama et al., 2012). It divides the concept of slope and river and treats them
as two separate grids that are overlaying in one grid cell. A slope grid cell with a river channel’s
grid cell is considered. The RRI model treats slope and the river as one whole slope. The river
channel is portrayed as a vector that runs along with the central line of a cell’s slope. This creates
an extra flow path that runs from the river all the way down the slope and illustrates the overflow
across the slopes in two dimensions. The 2D RRI model typically involves two water depth
details in one spot, one depth shows the water level in the river, and another to show the water
level on the hill. The exchange of water between a river and a slope is calculated in RRI with
overflow formulas which is selected depending on the relative level of water and the height of
the levee. In general, the methodology involving the RRI model includes the calculation of
rainfall runoff and the value of water for the forecast of flooding. The RRI model provides three
outputs: the water depth on the slope (m), the water depth of the river (m), and the river discharge
(m3/s) (S. Bhagabati & Kawasaki, 2017). Usually, the model is based on hydraulic and
hydrologic principles through which the discharge and flooding pattern can be estimated. The

35



methodology involves three steps, as a rule. First, watersheds are to be defined in order to
determine the land contributing to runoff. Second, all the rainfall data is to be collected for
further analysis in order to understand both frequency and intensity of precipitation. Lastly,
hydrological model should be applied to calculate the runoff that typically leads to the

development of the hydraulic model of estimation.

1D Diffusion
Subsurface + Surface in River

Input
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~| I8
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in Catchment

Vertical Infiltration

Figure 3-4 Schematic diagram of Rainfall-Runoff Inundation (RRI) model (source ICHARM
website)

3.9.1 Research data methods

Research data methods involved collecting or downloading daily rainfall data from January
1991 to December 2020. This data served as input for the RRI model to simulate flood hazards
in Freetown. Additionally, post-flood surveys were conducted in flood-prone areas to gather

information on flood impacts and community vulnerabilities.

Research data methods encompass the collection, processing, and analysis of relevant data for
the RRI study. This involves gathering historical rainfall data spanning from January 1991 to
December 2020. Additionally, hydrological and topographical data such as watershed
characteristics, land use/land cover, soil properties, and river network information may be
collected. Remote sensing and Geographic Information System (GIS) techniques are often
employed to acquire and process spatial data for the study area.
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3.9.2 Sampling Methods

In this scenario, a variety of sampling methods were utilized to ensure comprehensive data
collection and analysis. Firstly, purposive sampling was employed for the post-flood survey
within flood-prone areas of Freetown. This method involved deliberately selecting locations or
communities known to be susceptible to flooding due to historical records, as these areas are
likely to offer valuable insights into the impacts and responses to flood events. Secondly,
stratified sampling was utilized to target specific neighbourhoods with known flood risks. This
approach allowed for a more nuanced understanding of flood vulnerabilities across different
areas within Freetown, particularly considering its division into major districts such as Western

Area Urban and Western Area Rural.

3.9.3 Data collected included

The data collected for Rainfall Runoff Inundation (RRI) includes several key types of
information essential for model development and analysis. This encompasses historical daily
rainfall data spanning from January 1991 to December 2020. Additionally, it includes survey
responses obtained from post-flood assessments, which provide valuable insights into flood
impacts, damages, and community resilience measures. These survey responses were gathered
using a questionnaire developed by the research team (Source: Post-flood survey questionnaire

developed by the author).

Furthermore, the collected data comprises hydrological parameters such as soil infiltration rates
and land use/land cover classifications, as well as topographical information including digital
elevation models (DEM) and river network delineations. Additionally, observed flood events or
inundation extents were recorded, serving as crucial data points for model calibration and

validation processes in the RRI analysis.

3.9.4 Model Simulation

The simulation of the RRI Model simulated flood hazard in Freetown. The model used the
collected rainfall data of certain specification to provide the necessary information. Using the
model, the rainfall runoff process are simulated and the areas within the city which would have
been inundated is predicted. The simulation also gives counselors what areas are prone to flood

and the area which might have been inundated when certain amount of rainfall falls in the city.
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Ground gauge rainfall data were prepared as the input data of the RRI simulation using the
Thiessen polygon method. The RRI Model is equipped with a DEM adjustment tool, which is
essential to avoid unrealistic condition and can-do necessary modification of the original EM
based on the flow direction (Yoshimoto & Amarnath, 2017). Additionally, the model
necessitates data regarding the positions of river channels and the configurations of cross-
sections. We utilized flow accumulation datasets provided in the HydroSHEDS dataset. In this
study, grid cells containing more than twenty adjacent cells were identified as having a river

channel through visual verification using Google Earth (Khaing et al., 2019).

Preparation of Input Rainfall data - Guage (.txt)

and river geomerty data

* E =  DEM (.txt)
]
_E"
>

Preparation of Input Topography - Flow Direction (txf)

Diata - Flow accumulation (_txt)

2

Preparation the Land wuse Land

) - Land vse (_txt)
cover map

!

Condition setting

ns_slope, soildepth, gammaa, ksv, ka,

ns_river, gammam,_ faif

¥

Running the RRI model

Figure 3-5 Flow chart showing the RRI model setup process
3.95 Model Calibration and Validation

Calibration and validation of the RRI model involved adjusting the input parameters to fit the
observed flood hydrographs followed by evaluating the model's performance using independent
data (Rasmy et al., 2019). The model was then validated using separate events to assess its
ability to reproduce peak flows accurately, and the calibration of the rainfall-runoff-inundation

(RRI) model was performed in several studies.
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A comparison of the simulated flood depths and observed flood depths were used for validation.
Three statistical indices such as the Nash- Sutcliffe model efficiency coefficient (NSE),
Pearson’s coefficient of determination (R?), and percentage of bias (PBIAS), were employed for

model performance evaluation.

a) R? (Coefficient of Determination):

e Qi = observed value for the ith data point
e Pi=predicted value for the ith data point
e O =mean of observed values

e n=number of data points

b) NSE (Nash-Sutcliffe Efficiency):

c) PBIAS (Percent Bias):

PBIAS= = —2 100

Where:

e QOi = observed value for the ith data point

o Pi=predicted value for the ith data point

e n=number of data points

The performance metrics, namely, R?, NSE BIAS, and correlation coefficient,

assume values within 0 to 1 and 0 to 100%, respectively (Khaing et al., 2022).
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3.10 Methodology for LULC & Flood Risk Map using AHP_MCDM Analysis Method

The Analytic Hierarchy Process is a decision-making tool used to rate and evaluate various
alternatives in relationship with both qualitative and quantitative factors to make the best
decision (Youssef & Hegab, 2019). As per the literature, “the Analytic Hierarchy Process
facilitates the process to decision makers and engineers in choosing the best alternative in
relation to their objectives among a set of alternatives and its criteria, in different
areas”(Belazreg et al., 2024; Georgiadis et al., 2013) . In this technique, a pair-wise comparison
matrix is used for comparing the two alternatives and assigning the relative importance of
alternatives (X. Wang et al., 2024). The scale structure of a pair-wise comparison matrix ranges
from one to nine, where one indicates equivalent importance between both the alternatives and
nine as the utmost importance (Belazreg et al., 2024; Komi et al., 2017). The technique of AHP
has been applied worldwide in areas, such as education, healthcare, site selection, industry,
suitability analysis, regional planning, landslide susceptibility, and transportation.(Youssef &
Hegab, 2019) Many studies claim that AHP_ MCDM is highly reliable and effective for giving
accurate and dependable estimates of flood hazard, susceptibility, and risk. It should be assumed
that complete integration of various criteria is accepted in the AHP analysis, making it possible

to reach a linear additive formulation model (Danumah et al., 2016; Mudashiru et al., 2022).

The study by Ramkar & Yadav, (2021)used the concepts of hazard and vulnerability for
developing a flood risk map in the Tapi River basin of Gujarat in India. Within the GIS
environment, the flood hazard map and flood vulnerability index were developed using the AHP,
“whereas the flood risk map was created by hybridizing the flood hazard and vulnerability
index”(Alfa et al., 2018) . For deciding and within the ranking of the flood causative factors for
the flood hazard map development, the analytical hierarchy process was implemented. The flood
vulnerability map was developed on the basis of vulnerability physical and social. The AHP

technique of multi-criteria analysis was implemented as a criterion weighing expert.
3.10.1 Data Collection

Table 3-2 Data Collection

Table 3.2 Datasets used in the AHP_MCDM study

S/No | Datasets | Description Source
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PDIR Now
1 Rainfall PDIR https://chrsdata.eng.uci.edu/
MODIS Vegetation Indies USGS Earth Explorer
2 NDVI V6.1 https://earthexplorer.usgs.gov/
Digital Elevation Model USGS Earth Explorer
3 Elevation (DEM) https://earthexplorer.usgs.gov/
4 Drainage Density Extracted from DEM DEM
Land Use Land
Cover Change USGS earth explorer
5 (LULC) MODIS Land Cover V6.1 https://earthexplorer.usgs.gov/
6 Distance to Road Extracted from DEM DEM
HydroSHEDS
7 Distance to River Hydrosheds https://www.hydrosheds.org/
8 Slope Derived from DEM DEM
9 TWI Extracted from DEM DEM
ISRIC Soil Data Hub
https://www.isric.org/explore/isric-
10 Soil Type Texture soil-data-hub
WorldPop
11 Population Population Density https://www.worldpop.org/

3.10.2 Development of Spatial Datasets to create a Flood Risk Index (FRI) Map using

AHP_MCDM

The spatial database was generated by the use of different meteorological and topographical

datasets and integrated with the GIS platform. A total of eleven factors were considered in order

to construct the FRI map. Seven of those parameters, namely Rainfall, Slope, Elevation,

Distance, Soil, LULC and Drainage Density were taken into account for generating the flood

hazard map. The remaining four factors, namely, population density, Distance to Road, NDVI

and TWI were considered for creating the flood vulnerability index map of the study area. The

flood risk is the degree of exposure to the undesired event, which involves the multiplication of

the natural flood hazard factors with those that are highly vulnerable to this disaster (Lyu et al.,

2019; Quinn et al., 2019). The FRI for each parameter was calculated by aggregating the FHI

and FVI at each level

FRI=FHI x FVI

3.10.3 Flood Hazard Index (FHI)
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One must pinpoint the causes of flood hazards to produce the FHI-based map. The scholars’
resort to geospatial methods to incorporate the causes of flooding into the flood mapping. For
the mapping exercise in question (Dung et al., 2022; Mudashiru et al., 2022), I have identified
seven significant factors to affect the map’s creation, including rainfall, slope, elevation,
distance to river, soil type, LULC, and drainage density. The determination was conducted on
the basis of the review of the scholarly literature available on the topic, to the decision-makers’
opinion, and to the experts’ opinion along with the local people’s perception of the issue’s
severity. The methodology for developing the thematic spatial datasets in these terms is also

provided below.

3.10.4 Flood Vulnerability Index (FVI)

The parameters were chosen based on their significance in the field of flood vulnerability index
and the availability of data, as documented in the literature (Karmaoui et al., 2016) .The
indicators selected for the flood vulnerability assessment included population density, distance
to roads, NDVI, and TWI, which were used to generate the flood vulnerability index map for

the study area.

Several remotely sensed data were used to form the flood risk index layer such as namely
Rainfall, Slope, Elevation, Distance, Soil, LULC, Drainage Density, population density,
Distance to Road, NDVI and TWI. The result of the analysis proved the effectiveness of the
integration of Remote Sensing (RS) and Geographic Information Systems (GIS) in assessing

flood risk.

The process of developing the Analytical Hierarchy Process (AHP) can be summarized in five

main steps(Georgiadis et al., 2013; Ekmekcioglu et al., 2021) which are described below:

3.10.4.1 Pairwise Comparison Matrix

The first step, criteria weights are determined by constructing pairwise comparison matrices at
each decision level. Saaty's scale (Saaty, 1980) is employed for the selected criteria. The upper
half of the matrix utilizes a series of absolute numbers ranging from 1 to 9 to denote individual
preferences for each pair. Meanwhile, the lower half of the matrix assigns ratings equivalent to

the reciprocal of the value of the corresponding pair in the upper matrix. These ratings are based
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on the subjectivity, experience, intuition, and inherent knowledge of decision-makers (Saaty,

2008).

Decisions made within the pairwise comparison matrix regarding flood hazard and vulnerability
are informed by comprehensive literature reviews, input from area experts, decision makers,

stakeholders from academia, and members of the local community.

The pairwise comparison matrix was generated by ascribing a numerical value between 1 and 9
to each factor, reflecting their relative significance. This matrix was built through comparisons

where:

Table 3-3 Pairwise comparison matrix

Numerical rating Verbal judgments of preferences
9 Extremely preferred

8 Very strongly to extremely

7 Very strongly preferred

6 Strongly to very strongly

5 Strongly preferred

4 Moderately to strongly

3 Moderately preferred

2 Equally to moderately
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1 Equally preferred

The parametrization was done basing on previous literature from similar studies carried out.
These comparisons facilitated assessing how each criterion or factor relates to others, ultimately
assigning weights to different factors influencing flood events based on their priority.

Consequently, this matrix aided in establishing the relative weights of the criteria.

3.10.4.2 Eigen Value Technique

In the second step, the Eigen value technique is utilized to determine the relative weight of each
decision indicator and sub-indicator (referred to as the Estimated Eigen value). This is
accomplished by multiplying all elements in each row of the matrix together and then computing

the Nth root of each element using the equation (2,1)
Estimated Eigen Value (EE) of Each Element= " Gq X 05 X0 X0y X vinenvene. X ay

Where aa,ab,ac,ady..cvveennennn.. an are the values of the row elements and N is the number of the

row elements.

3.10.4.3 Relative Importance Weight (RIW)

The third step is to calculate the sum of EE values in a given column and estimate the Relative
Importance Weights (RIW) for each row element of that decision factor using the Equation

below
Relative Importance Weight (RIW)=EE; + EE; +EE3+EE4+.................ooal. +EEN

Where EE1, EE2, EE3, EE4, ...... EEN are the Estimated Eigen value of each element.

3.104.4 Consistency Index (CI)

The fourth step involves checking for consistency. This is achieved by calculating the

Consistency Ratio (CR), which indicates the quality of the pairwise comparisons. In practice,
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the decision maker's expression may introduce some ambiguity that could lead to

inconsistencies in the matrix. (Mishra & Sinha, 2020).
A check of whether the comparison is consistent was performed using the equation below:

Where n represents the number of factors being compared in the matrix and is the highest
eigenvalue of the pairwise comparison matrix. The maximum eigenvalue was computed

following the procedure below:
*  Multiply each value in the column by the criteria weight.
* Compute the weighted sum value by adding the values in the rows.
* (Calculate the ratio of each weighted sum value to the respective criteria weight.
= Average the ratio of the weighted sum value to the criteria weight.

Finally, the consistency of the pairwise comparison matrix was calculated using consistency

ratios as represented in the equation below.

where;
CI = Consistency Index which reflects the consistency of the judgment

RI = Random Inconsistency Index dependent on the sample size according to the number of

factors used in the pairwise matrix.

Table 3-4 Random index values

Number of

Criteria

10

11
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Random

Index (RI) 0.00 | 0.00 [0.58 (0.9 1.12 | 1.24 | 132 | 141 |1.45 | 149 |1.51

If the consistency ratio (CR) falls below 0.10, the pairwise comparison matrix exhibits
satisfactory consistency. Conversely, if the CR exceeds 0.1, it signifies that the pairwise
comparison matrix lacks adequate consistency, necessitating the repetition of the process until
the CR drops below 0.1. This helps in assessing the reliability and consistency of the decision-
making process ( (Membele et al., 2022; Saaty, 2008; Zhang et al., 2015)

3.104.5 Aggregate of FHI & FVI

The fifth step is to derive the flood hazard index (FHI) and flood vulnerability index (FVI) by
aggregating the RIWs at each level of hierarchy using Equation (2.5).

FHI/ FVI =) RIW xRIW
Where, FHI/FVI = Flood Hazard / Flood Vulnerability Index
N2 = Number of level 2 decision factor
RIW ? = Relative Importance Weight of level 2 decision factor i.

RIW * = Relative Importance Weight of level 3 sub-factor j of level 2 decision factor i (Mishra
& Sinha, 2020).
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Figure 3-6 Flow chart of methodology for AHP MCDM

3.11 Analyzing Two Decades of Land Use And Land Change (LULC) using MODIS
classification In Freetown.

I used the MODIS Terra and Aqua Combined Moderate Resolution Imaging Spectroradiometer
Land Cover Type V6 MCD12Q1 Version 6.1 . This product, generated by Friedl and Sulla-
Menashe, provides yearly global land cover classifications from 2001 to 2022. It is created by
using supervised classifications of MODIS Terra and Aqua reflectances, and is based on various
classification schemes, the International Geosphere-Biosphere Programme (IGBP), University
of Maryland (UMD), Leaf Area Index (LAI), BIOME-Biogeochemical Cycles (BGC), and Plant
Functional Types (PFT) (Friedl & Sulla-Menashe, 2022). The supervised classifications are
further post-processed to refine specific classes, using prior information and ancillary data. For
this project, I used years 2001, 2010 and 2020 from the MODIS Land Cover V6.1 MCD12Q1

dataset, which includes 18 land cover legends.
These legends include:

l. Evergreen Needleleaf Forests
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2. Evergreen Broadleaf Forests
3. Deciduous Needleleaf Forests
4. Deciduous Broadleaf Forests
5. Mixed Forests

6. Closed Shrublands

7. Open Shrublands

8. Woody Savannas

9. Savannas

10.  Grasslands

11. Permanent Wetlands

12. Croplands

13. Urban and Built-up Lands

14. Cropland/Natural Vegetation Mosaics
15.  Permanent Snow and Ice

16. Barren

17.  Water Bodies

18.  Unclassified

The MODIS Land Cover V6.1 data was obtained from the USGS Earth Explorer using NASA
LP DAAC Collections and subsequently extracted to the study area of Freetown using ArcGIS
10.8.
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Figure 3-7 Flow chart of Methodology for the study area
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4.0 RESULTS AD DISCUSSION
4.1 Introduction

This chapter delves into a comprehensive study aimed at understanding the multifaceted
nature of flood risks in Freetown. Through the analysis of historical climate data, the
development of an advanced hydrological model, and the production of detailed flood risk
assessment maps, this research seeks to shed light on the underlying factors contributing to
flood risk in Freetown and I present an in-depth discussion of the results by comparing the

current study findings with those from related studies.

4.2  Analyzing Historical Climate data (Rainfall and Temperature) for the past 30
years (1991-2020) using Mann Kendall Trend Analysis
In this study, a comprehensive trend analysis of rainfall, mean temperature, minimum

temperature and maximum temperature was conducted using 30 years of Rainfall and
Temperature observed data from Freetown covering the period from 1991 to 2020. To determine
the trends, the Mann Kendall and Sen’s Slope estimator methods were employed. The results
also include seasonal trends of this climatic data which shows the Rainy seasons and Dry

seasons patterns of Freetown.

4.2.1 Trend Analysis of Rainfall Data
After performing the trend analysis using Mann-Kendall and Sen’s slope test on the rainfall data

for 30 years (1991 - 2020) for monthly, annual, rainy season and dry seasons, the result is shown
in Table 4.1 which shows that there was no significant trend in the Rainfall data. The null
hypothesis (HO) was rejected if the p value is less than the significant level (alpha) at 0.05
((Gadedjisso-Tossou et al., 2020). Rejecting Ho implies the presence of a trend in the time series
whereas accepting Ho implies that there is no trend in the time series. When Ho is rejected, the
result is considered to be statistically significant at 95% confidence level (Kerketta & Singh,

2020).
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Table 4-1 Summary of Non-Parametirc Trend Monthly, Annual and Seasonal Rainfall of
Freetown

Mann
Series\Test Ken(.ja!l Kendall's p-value Alpha (a) Sen's Test Interpretation
Statistic tau slope
(S)
JANUARY -17 -0.108 0.506 0.05 0.000 Accept Ho
FEBRUARY 14 0.054 0.738 0.05 0.000 Accept Ho
MARCH 5 0.026 0.890 0.05 0.000 Accept Ho
APRIL -24 -0.061 0.668 0.05 0.000 Accept Ho
MAY 7 0.016 0.915 0.05 0.376 Accept Ho
JUNE 21 0.048 0.721 0.05 3.164 Accept Ho
JuLy 100 0.230 0.077 0.05 13.560 Accept Ho
AUGUST 99 0.228 0.080 0.05 9.794 Accept Ho
SEPTEMBER 51 0.118 0.372 0.05 3.608 Accept Ho
OCTOBER 38 0.088 0.509 0.05 1.438 Accept Ho
NOVEMBER 18 0.043 0.760 0.05 0.000 Accept Ho
DECEMBER 6 0.027 0.879 0.05 0.000 Accept Ho
ANNUAL 67 0.154 0.239 0.05 33.223 Accept Ho
RAINY SEASON 65 0.149 0.254 0.05 37.500 Accept Ho
DRY SEASON 30 0.070 0.604 0.05 1.266 Accept Ho

In the non-parametric Mann-Kendall test, trend of rainfall for 30 years from January to
December has been calculated for each month individually together with the Sen’s magnitude
of slope (Q), the Man Kendall statistic(S), Kendall’s tau, and p-value as seen on the table 4.1

above.
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For January, the Man Kendall statistics, Kendall’s tau , and p-value are -17, -0.108 and 0.506
wherein the null hypothesis was accepted because the p-value is greater than the alpha value

(0.05) which shows that there no trend in the month of January.

For February and March, the Man Kendall statistics are 14 and 5 while the Kendall’s tau is
0.054 and 0.026 with p-values of 0.738 and 0.890 respectively showing no trend because the

null hypothesis was accepted since their p-values are greater than the alpha value (0.05).

For April, the Man Kendall statistics, Kendall’s tau and p-value are -24, -0.061 and 0.668
respectively wherein the null hypothesis was accepted because the p-value is greater than the

alpha value (0.05) which shows no trend in this month of April.

For May, June, July, August and September, their Man Kendall statistics are 7, 21, 100, 99 and
51 while their Kendall’s tau are 0.016, 0.048, 0.230, 0.228, and 0.118 with p-values of 0.915,
0.721, 0.077, 0.080 and 0.372 respectively showing no significant trend within these months
because the null hypothesis was accepted since their p-values are more than the alpha value

(0.05).

For October, the Man Kendall statistics, Kendall’s tau, and p-value are 38, 0.088 and 0.509
respectively wherein the null hypothesis was accepted because the p-value is greater than the

alpha value (0.05) which shows that there was no significant trend in the month of October.

For November and December, the Man Kendall statistics are 18 and 6 while the Kendall’s tau
is 0.043 and 0.027 with p-values of 0.760 and 0.879 respectively showing no significant trend
because the null hypothesis was rejected since their p-values are less than the alpha value

(0.05).

For Annual, the Man Kendall statistics and the Kendall’s tau are 67 and 0.154 with a p-value
0.239 wherein the null hypothesis is accepted because the p-value is greater than the alpha

value (0.05) which shows that there is no trend in this month.

For the seasonal analysis, for the rainy season and dry season, the Man Kendall statistics are

65 and 30 while the Kendall’s tau is 0.149 and 0.070 with p-values of 0.254 and 0.604
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respectively showing no significant trend because the null hypothesis was accepted since their

p-values are less than the alpha value (0.05).

In Summary, the monthly, annual and seasonal result revealed that there was no significant
trend in all of the months and seasonal data at 95% confidence level. A study conducted in
Northern Togo by Gadedjisso-Tossou et al., (2020) utilizing Mann Kendall Test for monthly
and annual rainfall also proves that there was no significant trend in Rainfall in some of the
districts. Another study was conducted in the Republic of Benin by analyzing rainfall
variability and change utilizing the same method also shows that there was no trend detected

(Ahokpossi, 2018).

Annual Rainfall Pattern of Freetown over a period of 30 years (1991-2020)
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Figure 4-1 Annual Rainfall Pattern of Freetown over a period of 30 years (1991-2020)

The graph of the observed rainfall values of Freetown cleverly shows a high fluctuation of
rainfall by the year some years’ experience very high rainfall than others. The causes of this
may be various climatic elements or the whole climatic changes as itemized in (figure 4.1).
From the slope of 51.833, the trend line shows an average of rainfall increases per annum is
51.833mm. However, by looking at the R? value the trend line can only account for 13.72 %
of the changes in rainfall, this show that other factor which is nonlinear may contribute to the
overall annual rainfall of Freetown. By looking at the trend of increasing rainfall through these
years, this can be opening signs of an increasing flood sensitive area, however it’s compounded

by climate variability to make catastrophic weather more frequent and severe. The positive
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slope from the trend line would also predict increasing rainfall in the future years ahead, as
such there is a need of developing strategies of fighting the risks of floods in Freetown through
ensuring flow of events and developing disaster preparedness and management plans. Similar

trends have also been observed in Burkina Faso (Engel et al., 2017; Tazen et al., 2019).

"Rainy Season Pattern of Freetown over a period of 30 years (1991-2020)
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Figure 4-2 Rainy Season Pattern of Freetown over a period of 30 years (1991-2020)

The graph exhibits high variability with peaks indicating years of high rainfall, which could
be indicative of more intense rainy seasons or even extreme events (figure 4.2). The trend line's
positive slope and increase in the annual average could reflect changes in rainy season patterns,
potentially becoming wetter over the years. The slope (52.137) indicates the rate of change in
rainfall. It implies that there is an average increase of approximately 52.137 mm of rain each
year. The graph showing the rainfall pattern in Freetown with a linear trend of increasing
rainfall suggests that flood risk may also be increasing if this trend continues. In comparison,
other studies in West Africa might show different trends. Some regions may experience less
significant changes in rainfall patterns, leading to a stable or even reduced flood risk (Biasutti,
2019; Kpanou et al., 2021) whilst some countries in west Africa may experience an increase
in rainfall e.g in the Gulf of Guinea, the Mono river basin, which extends over Benin and Togo

(Amoussou et al., 2020)
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Dry Season pattern of Freetown over a period of 30 years (1991-2020)
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Figure 4-3 Dry Season pattern of Freetown over a period of 30 years (1991-2020)

The graph has some dry season rainfall that varies considerably from years to years. This means
that certain years account for a given huge volume of the rain. A good example includes figure
4.3. The fact that the slope of the trend line is negative and its value being -0.3038 implies that
the rainfall decreases yearly by an exact amount of 0.3038 mm, but only slightly. This trend is
significant, especially when it falls within the range of normal changes. Such information means
that other extraneous factors would without a doubt can affect the trend. The R? value is 0.0006.
This fact further implies that “the year alone is hardly a good predictor of the rainfall volume
that Freetown will experience during the dry season”. In other words, the graph alone cannot be
relied on a reliable source of information related to the flooding to be experienced during the

dry periods.

55



Seasonal Rainfall Trend of Freetown over a period of 30 years (1991-2020)
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Figure 4-4 Seasonal Rainfall Trend of Freetown over a period of 30 years (1991-2020)

The graph above shows the Rainfall in Freetown for Rainy season and Dry Season as shown in
(figure 4.4) above. The blue line which is the Rainy Season Trend shows more varied rainfall.
The wet season has years of more rainfall as peaks and those of lighter rainfall as the troughs.
The rainfall has a tendency to flow in a cycle with a number of years of rainfall. The wet season
tends to have a very sharp increase in some of the years of towards the end of the period. The
dry season line is much flatter, meaning that there more uniformity and less rainfall that the
rainy season. The amount of rainfall in the dry season is distinctly less than that of the Wet

season (Kamara, 2016; Wadsworth et al., 2019).

Freetown has two seasons: the wet season which occurs between May and November and is
believed to have the majority of the rainy days. The dry season occurs between December and
April and is said to experience less rainfall. According to Taylor et al., (2014), there is an
observable trend in the Freetown season. The wet season begins in May, reaches the peak in
August, and ends in November. During the month of August to October, the results indicated

that there is heavy rainfall in Freetown (Usamah, 2017b).
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4.2.2 Trend Analysis of The Mean, Minimum and Maximum Temperature Data

Table 4-2 Monthly, Annual and Seasonal mean temperature in Freetown

Series\Test Kendall's p-value Alpha (a) Sen's [ Test .
tau slope | Interpretation
JANUARY 0.085 0.521 0.050 | 0.011 | Accept Ho
FEBRUARY 0.087 0.509 0.050 | 0.013 | Accept Ho
MARCH 0.231 0.077 0.050 | 0.020 | Accept Ho
APRIL 0.322 0.013 0.050 | 0.025 | Reject Ho
MAY 0.242 0.063 0.050 | 0.022 | Accept Ho
JUNE 0.245 0.061 0.050 | 0.019 | Accept Ho
JULY 0.349 0.007 0.050 | 0.019 | Reject Ho
AUGUST 0.445 0.001 0.050 | 0.020 | Reject Ho
SEPTEMBER 0513 | <0.0001 0.050 | 0.023 | Reject Ho
OCTOBER 0.540 | <0.0001 0.050 | 0.024 | Reject Ho
NOVEMBER 0.384 0.003 0.050 | 0.023 | Reject Ho
DECEMBER 0.136 0.301 0.050 | 0.016 | Accept Ho
ANNUAL 0312 0.017 0.050 | 0.021 | Reject Ho
RAINY '
SEASON 0.446 0.001 0.050 | 0.024 | REIECtHo
DRY SEASON 0.255 0.050 0.050 | 0.019 | Reject Ho
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For January, February and March, the Kendall’s tau are 0.085,0.087 and 0.231 while the p-value are
0.521,0.509 and 0.077 with sens’s slope value of 0.011, 0.013 and 0.020 respectively wherein the null
hypothesis was accepted because the p-value is greater than the alpha value (0.05) which shows that

there was no trend in this month of January, February and March.

For the month of April, the Kendall’s tau is 0.179 while the p-values of 0.0001 with a sen’s slope of
0.025. This month is showing a significant trend because the null hypothesis was rejected and the

alternative hypothesis was accepted due to the p-values is less than the alpha value (0.05).

For May and June, the Kendall’s tau are 0.242 and 0.245 while the p-value are 0.063 and 0.061 with
sens’s slope value of 0.022 and 0.019 respectively wherein the null hypothesis was accepted because
the p-value is greater than the alpha value (0.05) which shows that there was no trend in the month of

May and June.

For April, May and June, their Man Kendall statistics are 625, -2639, -3803, while their Kendall’s tau are
0.012, -0.049 and -0.071with p-values of 0.753,0.184 and 0.055 respectively showing no trend because

the null hypothesis was accepted since their p-values are greater than the alpha value (0.05).

For July, August, September, October, their Kendall’s tau are 0.349, 0.445, 0.513, 0.540 and 0.384 while
their p-values are 0.007,0.001,0.0001, 0.0001 and 0.003 with Sen’s slope of 0.019,0.020,0.023, 0,024
and 0.024 respectively showing a significant trend because the null hypothesis was rejected and the

alternative hypothesis was accepted since their p-values are less than the alpha value (0.05).

For December, the Kendall’s tau is 0.136, with a p-value 0.301 and sens’s slope value of 0.016 wherein
the null hypothesis is accepted because the p-value is greater than the alpha value (0.05) which shows

that there is no trend in the month of December.

For Annual, the Kendall’s tau is 0.312, with a p-value 0.107 and sens’s slope value of 0.021 wherein the
null hypothesis is rejected because the p-value is less than the alpha value (0.05) which shows that

there is a trend in this month.

For the seasonal analysis, for the rainy season and dry season, the Kendall’s tau is 0.446 and 0.255 with
a p-values of 0.001 and 0.050 and sen’s slope value of 0.024 and 0.019 respectively showing significant

trend because the null hypothesis was rejected since their p-values are less than the alpha value (0.05).
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In Summary, the monthly result revealed that there was a significant trend in 6 out of 12 months at 95%
confidence level which was observed in the month of April, July, August, September, October and
November while there was no significant trend in January, February, March, May, June and December.
A study done in Northern Togo by utilizing Mann Kendall Test for monthly and annual temperature also
proves that there was significant trend in Temperature in some of the districts and no significant trend

in other districts (Gadedjisso-Tossou et al., 2020).

Mean Annual Temperature Trend over a period of 30 years (1991-2020)
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Figure 4-5 Mean Annual Temperature Trend over a period of 30 years (1991-2020)

The graph invokes the mean annual temperature trend with a range of a duration of 30 years
between 1991 and 2020. “y = 0.0196x — 13.046” is the equation of the regression line, with a
positive ‘m’ value. Therefore, the trend line has an upward gradient meaning that the
temperature is rising across the years. As the slope ‘m’ of 0.0196 indicated, there is a small rise
in temperature of 0.0196 each year or every 12 months. Also, one would claim that such rise or
an increased temperature trap the air particles involving water vapour; therefore, it can lead to
increased temperature rates. More so, a significant rise in temperature can lead to evaporation
of large water volumes, and therefore, the amount of the precipitations gets to rise too. However,
the increased precipitation rates also can lead to more floods, and they have durations of fewer
hours based on the water runoff across the ground as usual. Also, as per the transformed duration
in days, the increasing temperatures have a flip of between 0.2 and 0.8 °C based on the

observations. Also, they have a flip of between 3.0 and 4.0 °C based on the projections.
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Table 4-3 Monthly, Annual and Seasonal minimum temperature in Freetown

Series\Test Kendall's p-value | Alpha (a) sen's | Test )
tau slope | Interpretation
JANUARY 0.037 0.789 0.050 | 0.011 | Accept Ho
FEBRUARY -0.069 0.605 0.050 | -0.015 | Accept Ho
MARCH 0.145 0.268 0.050 | 0.024 | Accept Ho
APRIL 0.219 0.093 0.050 | 0.036 | Accept Ho
MAY 0.265 0.042 0.050 | 0.021 | Reject Ho
JUNE 0.212 0.104 0.050 | 0.015 | Accept Ho
JuLy 0.417 0.001 0.050 | 0.019 | Reject Ho
AUGUST 0.249 0.056 0.050 | 0.012 | Accept Ho
SEPTEMBER 0.145 0.269 0.050 | 0.007 | Accept Ho
OCTOBER 0.273 0.037 0.050 | 0.017 | Reject Ho
NOVEMBER 0.120 0.363 0.050 | 0.022 | Accept Ho
DECEMBER 0.007 0.972 0.050 | 0.003 | Accept Ho
ANNUAL 0.103 0.432 0.050 | 0.022 | Accept Ho
RAINY SEASON 0.476 0.000 0.050 | 0.014 | Reject Ho
DRY SEASON 0.140 0.284 0.050 | 0.016 | Accept Ho

For January, February March and April, the Kendall’s tau are 0.037, -0.069,0.145 and 0.219
while the p-value are 0.789,0.605,0.268 and 0.093 with sens’s slope value of 0.011, -0.015,
0.024 and 0.036 respectively wherein the null hypothesis was accepted because the p-value is
greater than the alpha value (0.05) which shows that there was no trend in this month of January,

February March and April.
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For the month of May, the Kendall’s tau is 0.265 while the p-values of 0.042 with a sen’s slope
0f 0.021. This month is showing a significant trend because the null hypothesis was rejected and

the alternative hypothesis was accepted because the p-values is less than the alpha value (0.05).

For June, the Kendall’s tau is 0.212 while the p-values of 0.104 with a sen’s slope of 0.015. This
month is not showing a significant trend because the null hypothesis was accepted due to the p-

values is greater than the alpha value (0.05).

For July, the Kendall’s tau is 0.417 while the p-values of 0.001 with a sen’s slope of 0.019. This
month is showing a significant trend because the null hypothesis was rejected and the alternative

hypothesis was accepted due to the p-values is less than the alpha value (0.05).

For August and September, the Kendall’s tau are 0.249 and 0.145 while the p-value are 0.056
and 0.269 with sens’s slope value of 0.012 and 0.007 respectively wherein the null hypothesis
was accepted because the p-value is greater than the alpha value (0.05) which shows that there

was no significant trend in the month of August and September.

For the month of October, the Kendall’s tau is 0.273 while the p-values of 0.037 with a sen’s
slope of 0.017. This month is showing a significant trend because the null hypothesis was
rejected and the alternative hypothesis was accepted because the p-values is less than the alpha

value (0.05).

For November and December, the Kendall’s tau are 0.120 and 0.007 while the p-value are 0.363
and 0.972 with sens’s slope value of 0.022 and 0.003 respectively wherein the null hypothesis
was accepted because the p-value is greater than the alpha value (0.05) which shows that there

was no significant trend in the month of November and December.

For Annual, the Kendall’s tau is 0.103, with a p-value 0.432 and sens’s slope value of 0.022
wherein the null hypothesis is accepted because the p-value is greater than the alpha value (0.05)

which shows that there is no trend in the month.

For the seasonal analysis, the rainy season has a Kendall’s tau are 0.476 while the p-values of
0.000 with a sen’s slope of 0.014 showing a significant trend because the null hypothesis was
rejected because the p-values is less than the alpha value (0.05). For the Dry Season, the

Kendall’s tau are 0.140 while the p-values of 0.284 with a Sen's slope of 0.016 showing no
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significant trend because the null hypothesis was accepted because the p-values is greater than

the alpha value (0.05).

In Summary, the monthly result revealed that there was a significant trend in 3 out of 12 months
at 95% confidence level which was observed in the month of May, July, and October while there
was no significant trend in January, February, March, April, June, August, September,

November and December.

Minimum Annual Mean Temperature Trend over a period of 30 years (1991-2020)
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Figure 4-6 Minimum Annual Mean Temperature Trend over a period of 30 years (1991-2020)

Figure 4.6 is a graph displaying minimum annual mean temperatures by year shows considerable
variability with some large increases and decreases over the 30 years. The trend line is almost horizontal
because it increases so slightly, which is indicated by the small positive slope in the equation, 0.0132.
Thus, there is a very slight increase in the minimum annual mean temperature by year over the 30
years. The R? value, which has an approximate of 0.0069, very close to 0 so, based on year alone, the
linear model used explains less than 1% of the variation in minimum annual temperatures. Therefore,
there is a slight increase each year in the minimum annual mean temperature. However, minimum
temperatures have little to suggest on changing risks of flooding but possibly in a reduction of the trend

in the definition of diurnal temperature range ((Barry et al., 2018; llori & Ajayi, 2020).
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Table 4-4 Monthly, Annual and Seasonal maximum temperature in Sierra Leone

Maximum Annual Temperature Trend over a period of 30 years (1991-2020)
Series\Test Kendall's tau P Alpha (a) Sen's Test Interpretation
value slope
JANUARY 0.088 | 0.509 0.050 0.009 | Accept Ho
FEBRUARY 0.110 | 0.402 0.050 0.013 | Accept Ho
MARCH 0.161 | 0.218 0.050 0.023 | Accept Ho
APRIL 0.245| 0.061 0.050 0.039 | Accept Ho
MAY 0.083 | 0.532 0.050 0.018 | Accept Ho
JUNE 0.152 | 0.246 0.050 0.021 | Accept Ho
JuLy 0.099 | 0.454 0.050 0.013 | Accept Ho
AUGUST 0.192 | 0.143 0.050 0.014 | Accept Ho
SEPTEMBER 0.299 | 0.021 0.050 0.025 | Reject Ho
OCTOBER 0.460 | 0.000 0.050 0.029 | Reject Ho
NOVEMBER 0.210 | 0.108 0.050 0.011 | Accept Ho
DECEMBER 0.219 | 0.093 0.050 0.019 | Accept Ho
ANNUAL 0.302 | 0.020 0.050 0.038 | Reject Ho
RAINY SEASON 0.228 | 0.080 0.050 0.021 | Accept Ho
DRY SEASON 0.223 | 0.087 0.050 0.018 | Accept Ho

For January, February and March, the Kendall’s tau are 0.088, 0.110 and 0.161 while the p-value
are 0.509, 0.402 and 0.218 with sens’s slope value of 0.009, 0.013 and 0.023 respectively
wherein the null hypothesis was accepted because the p-value is greater than the alpha value

(0.05) which shows that there was no trend in this month of January, February and March.
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For the month of April, the Kendall’s tau is 0.245 while the p-values of 0.061 with a Sen's slope
0f 0.039. This month is showing no significant trend because the null hypothesis was accepted

due to the p-values is greater than the alpha value (0.05).

For May, June, July and August, the Kendall’s tau is 0.083, 0.152, 0.099 and 0.192 while the p-
value are 0.532,0.246,0.454 and 0.143 with sens’s slope value of 0.018, 0.021, 0.013 and 0.014
respectively wherein the null hypothesis was accepted because the p-value is greater than the
alpha value (0.05) which shows that there was no trend in this month of May, June, July and
August.

For September and October, the Kendall’s tau is 0.299 and 0.460 while the p-value are 0.021
and 0.000 with sens’s slope value of 0.025 and 0.029 respectively wherein the null hypothesis
was rejected because the p-value is less than the alpha value (0.05) which shows that there was

a significant trend in the month of September and October.

For November and December, the Kendall’s tau is 0.210 and 0.219 while the p-value are 0.108
and 0.093 with sens’s slope value of 0.011 and 0.019 respectively wherein the null hypothesis
was accepted because the p-value is greater than the alpha value (0.05) which shows that there

was no significant trend in the month of November and December.

For Annual, the Kendall’s tau is 0.302, with a p-value 0.020 and sens’s slope value of 0.038
wherein the null hypothesis is rejected because the p-value is less than the alpha value (0.05)

which shows that there is a trend in this month.

For the seasonal analysis, the rainy season has a Kendall’s tau are 0.228 while the p-values of
0.080 with a Sen’s slope of 0.021 showing that there is no significant trend because the null
hypothesis was accepted due to the p-values is less than the alpha value (0.05). For the Dry
Season, the Kendall’s tau is 0.223 while the p-values of 0.087 with a Sen’s slope of 0.018
showing no significant trend because the null hypothesis was accepted due to the p-values is

less than the alpha value (0.05).

In Summary, the monthly result revealed that there was a significant trend in 2 out of 12 months

at 95% confidence level which was observed in the month of September and October while
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there was no significant trend in January, February, March, April, May, June, July, August,

November and December.

Maximum Annual Mean Temperature Trend over a period of 30 years (1991-
2020)
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Figure 4-7 Maximum Annual Mean Temperature Trend over a period of 30 years (1991-2020)

The graph clearly demonstrates considerable swings in the maximum annual mean temperatures
each year which comply with such a trend throughout the 30-year period. The equation “y =
0.0357x — 37.341” reports on the trend line. The R? equals to 0.1347, which means that 13.47%
of the variance in the maximum annual temperatures for each year is described by the year-
based model. The slope of the line demonstrated in the equation, or 0.0357, means an average

0f 0.0357°C per year added to the maximum annual mean temperature.

4.3  Hydrological Model for Flood Hazard Map using Rainfall Runoff Inundation
(RRI) Model

4.3.1 Preparation of input rainfall data

Table 4-5 NASA Power satellite data and Observed Rainfall data of Freetown

YEAR NASA Power Satellite Data Observed Rainfall Data
1991 2388.86 3696.34
1992 3348.63 3110.67
1993 2620.88 3575.31
1994 3596.49 4034.75
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1995 2330.85 2229.38
1996 2114.64 2000.9

1997 2193.75 2566.44
1998 2130.47 3048.11
1999 2367.78 3349.66
2000 1919.52 2301.13
2001 1270.89 2635.97
2002 870.11 2460.08
2003 1023.05 2111.33
2004 1471.3 2053.64
2005 2141.02 3489.4

2006 1408 2637.6

2007 1144.34 2447.93
2008 1729.7 2260.84
2009 2700 2116.66
2010 1835.16 3680.69
2011 638.08 799.26

2012 3137.7 3854.98
2013 3844.33 5658.94
2014 2478.52 3421.96
2015 3902.34 5029.71
2016 5980.08 5776.07
2017 4951.75 4696.72
2018 3897.07 4318.09
2019 3886.52 5082.61
2020 2341.41 3204.4

Satellite-based rainfall data, NASA power data, were obtained for the simulation period. The
observed rainfall data was correlated with the NASA Power data and prepared in an excel sheet
which shows a positive correlation of 85%. This correlation value shows a strong positive linear
relationship between the NASA power satellite data and the observed Rainfall data from the rain
gauge stations as seen in Table 4.5 and Figure 4.8 below. Nasa Power has been use to
investigating the merits of gauge and satellite rainfall data at local scales in Ghana, West Africa
(Atiah et al., 2020). Another study that utilizes NASA Power data for aridity index estimation
over tropical climates in Ghana, West Africa shows that R? value of 0.87 after it has been bias

corrected (Asilevi et al., 2024).
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Correlation between NASA Power and Observed
Rainfall Data_1991 2020
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Figure 4-8 Correlation of NASA power data and observed Rainfall data
4.3.2 Preparation of topographic data

The downloaded DEM was imported into the ArcGIS environment. A point shapefile was
created to define two basin outlets which are Guma and Waterloo basins, in which the two-target
basin was delineated in conjunction with the flow direction. The DEM, flow direction, and flow
accumulation (see Figure 4.9) were then extracted using the basins raster. With a similar number
of rows, columns, and cell sizes, the files were converted to the ASCII format readable by the
RRI model. The RRI Input.txt file was then edited to locate the folder where the topographic

data were saved. Finally, the RRI Input.exe file was run.
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Figure 4-9 Maps of DEM, flow accumulation and flow direction

4.3.3 Preparation of the land use/land cover map
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The Land Use Land Cover of Freetown, denoted as Figure 4.10, is the classification of different
areas depending upon the landscape and the development of humans. The map is made available
from evergreen broadleaf forests to urban and built-up lands, water bodies, and barren lands
which gives a total of 10 classes. It was downloaded using MODIS Land Cover V6.1 by the
USGS from the NASA LPDAAC Collections as referenced by Friedl & Sulla-Menashe, (2022).
It was made with a supervised classification method and clippers were used to make it applicable
to the study area using Arc GIS 10.9. The map of land use land change of Freetown was

generated for the year of 2020 in Figure 4.10 and was later converted into an ASCII file.
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Figure 4-10 LULC and the surface area of Freetown

4.3.4 Simulated Hydrograph of Regent_August 2017

Figure 4.11 shows two hydrographs for (a) Upper Stream and (b) Lower Stream of Regent that
was simulated from May to October 2017. It depicts rainfall against simulated discharge rates
which are crucial indicators of potential flood hazards. In the case of the Upper Stream, the
discharge rates depicted in blue achieved almost 7 cubic meters per second. The rainfall depicted
in black had a peak value of just over 200 mm. In the case of the Lower stream, the highest
discharge rate was about 170 cubic meters per second, whilst the rainfall was about 150mm
which indicates how water travel from a higher region to a lower region. The peak values are
important in terms of the hazard of the flood. The peak discharge rate for the lower stream is
extremely high, indicating that during peak events, the amount of water flowing through the

system is massive, and the flood hazard is raised greatly.
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The comparative analysis of these figures indicates that the Lower Stream area is at a heightened
risk of flooding, potentially even susceptible to flash floods, given the extreme peak discharge
rates observed. These findings suggest that while both stream areas are vulnerable to increased
water flows following heavy rainfall, it is the Lower Stream that warrants greater concern for

flood management and mitigation strategies.

a) Hydrograph of Upper Stream of Regent_2017
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Figure 4-11 Simulated Hydrograph of Regent

4.3.5 Simulated Results of Hydrograph of Guma_August 2017

Figure 4.12 shows two hydrographs for (a) Upper Stream and (b) Lower Stream that was
simulated for the year of 2017. It depicts rainfall against simulated discharge rates which are
crucial indicators of potential flood hazards. In the case of the Upper Stream, the discharge rates
depicted in blue achieved almost 7 cubic meters per second. The rainfall depicted in black had
a peak value of just over 200 mm. In the case of the Lower stream, the highest discharge rate
was about 170 cubic meters per second, whilst the rainfall was about 150mm which indicates
how water travel from a higher region to a lower region. The peak values are important in terms
of the hazard of the flood. The peak discharge rate for the lower stream is extremely high,
indicating that during peak events, the amount of water flowing through the system is massive,

and the flood hazard is raised greatly.
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a) Hydrograph of Upper Stream of Waterloo_2017
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Figure 4-12 Simulated Results of Hydrograph of Guma

4.3.6 Simulated Hydrograph of the Lower Stream of Regent & Waterloo
Figure 4.13 (a) and (b) exhibits two hydrographs of Regent and Waterloo that are plotted for

2017 in month of May to October, respectively. These hydrographs show how rainfall in
millimeters affects discharge in cubic meters per second over the period of six months certain
years. Both the Regent and Waterloo 2017 hydrographs demonstrate high variability of
discharge rates over the course of a year with several peaks that correspond to the rainfall. Thus,
the peak of discharge in Regent exceeds just over 160 cubic meters per second with a peak
rainfall of 300mm, whereas the peak discharge rates of Waterloo is very high and about 220
cubic meters per second with a peak rainfall of over 320 mm. It can be concluded that the water
system of Regent is more responsive to rain than that of Waterloo, and in case of a rainfall event,

Regent’s region has a higher potential of encountering flash floods.

narrower but still significant for the region. Thus, the plotted hydrographs are critical tools for
measuring flood hazard and creating flood prevention plans. A significant hazard of flash flood
in Guma’s region requires preparations for flood prevention or response. Waterloo, in turn, needs

measures aimed at response systems since the flood hazard is less severe, though more likely.
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Hydrograph of Lower Stream of Regent_2017
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Figure 4-13 Simulated Hydrograph of the Lower Stream of Regent & Waterloo
4.37 Maximum Inundation Depth Map of Regent & Waterloo

Figure 4-14 shows the maximum inundation depth of the two selected basin of Regent and
Waterloo. The maximum inundation depth of Regent and Waterloo are both divided into 5
classes wherein their lowest inundation depth is 0-0.05m & 0-0.19m and a maximum depth of

1.26-2.22m & 1.48-2.1m respectively.
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Figure 4-14 Maximum Inundation Depth Map of Regent & Waterloo

4.38 Model Calibration and Validation
For the Model Calibration and Validation, the observed flood depths are compared with

simulated flood depth whilst the statistical analysis such as Coefficient of determination or
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squared correlation coefficient (R?) which describe the degree of collinearity between observed
and simulated data. The Nash-Sutcliffe efficiency (NSE), indicated how well the plot of
observed versus simulated fits the 1:1 line and the Percent (PBIAS, measures the average
tendency of the simulated data to be larger or smaller than their observed counterparts). These
three indices were calculated to check the accuracy of the results. 12 data points were selected
as a simulated flood depth from the RRI Model and extracted from Arc GIS. Figure 4.14 shows
the results of the squared correlation coefficient (R2) of 0.6582. The NSE and PBIAS calculated
are 0.621 and -4.73%. The R? value of 0.6582 means that approximately 65.82% of the variance
in the observed flood depths can be explained by the model's simulated values which suggests
a moderate to good fit and the RRI Model have captured a significant portion of the variation in
the observed data but still room for improvement. A NSE of 0.621 shows that the model's
predictions are significantly better than using the mean of the observed data as a predictor but
not perfect and a PBIAS of 4.73% indicates that the model's simulations are, on average,
underestimating the observed flood depths by 4.73%. The statistical indices shows that the RRI
Model is performing well but not perfectly for my study area. Studies conducted by shows that
the results and statistical indices indicate that Abdel-Fattah et al., (2018) the RRI could

efficiently simulate the extreme flash flood events in the arid wadi system.

Tabd4edat a Poilses vVBIJdRRBD Si mul ated Fl ood Depths

Data
Points P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 | P11 | P12
Observed
Flood

Depths
(m) 1.50 | 1.50 | 1.50 | 3.00 | 2.00 |1.50|2.00 | 1.50| 1.00 | 1.50 | 1.50 | 2.00
Simulated
Flood

Depths
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Scatter Plot of Observed Vs Simulated Flood Depths
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Figure 4-15 Scatter Plot of Observed and Simulated Flood Depth

4.4 Post Flood Survey

The post-flood survey is done in 30 historical flood places in Freetown, and it involves collecting
and analyzing flood data to provide support to local agencies, decision-makers, and the public

before, during, and after the flood. Three key assessments were made in the post-flood survey.

a. The extent and areas most affected by the flood: the assessment determined the regions’
identity which suffered most from the flood.

b. Assessment of infrastructure and property damage: the assessment provides an
understanding of the extent of the homes, roads, and other structures may have been
destroyed.

c. Evaluation of the effectiveness of existing flood mitigation measures: data on the
measures such as levees or floodwalls, how they perfumed during the flood is obtained

as a way to understand how they may be improved.

4.4.1 Murray Town (Latitude: 8.4874895, Longitude: -13.26111)

Murray Town is a suburb in Sierra Leone ‘s capital Freetown. It is the location of the Amputees
and War Wounded Association from the local camp of such people. The Sierra Leone Grammar

School is also situated in this area. There are a lot of colonial board houses, with many people
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being dug a pit to build during the turn of the last century(Osuteye et al., 2020) . It is close to a
river bank and is also serving as a dumpsite. As shown in figure 4.16, the second image shows
the Murray town back view and how it was affected by flood due to its low-lying area, as well

as the low housing found there. It is estimated to be up to 1-2m deep.

On the basis of the impact and the zones most affected by flood, the first image depicts an area
of substantial accumulation of debris and soil erosion, implying that there was a significant flow
of floodwater here. Primarily, there is organic waste, such as leaves and branches, as well as
other garbage, like plastic, indicating that flood brought materials from other zones and left it
here while flowing back. There was evidence of quite an impact. From Damage to Infrastructure
and property Assessment, the overall ground is muddy and uneven as well as some buildings
being corroded at the base. There are indications that the flooding caused damage to the houses
in this area. The houses maybe constructed on weaker materials. From the effectiveness of
existing flood mitigation measures, there are no engineered structures to mitigate floods were
visible in the images. It implies existing mitigation measures were ineffective. Effects of soil
erosion and a house perhaps collapsing due to the weak nature of the slope were quite heavy
from personal evaluation. Mainly, there was evidence of debris and soil erosion in the second
image of figure 4.14 which shows that existing mitigation measures could not stop the debris

from accumulating or materials from being washed away.

39a Murray Town Rd, Freetown, Sierra
Leone

Lat: 8.4874895
Lon:-13.:261117
Tue Feb 06 11:24:43 GMT 2024

Figure 4-16 The Author and his colleague from SLMET conducting post flood survey in Murray
Town community
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4.4.2 Cline Town (Latitude: 8.4896859, Longitude: -13.2094946)

Cline Town is an area in Freetown, the capital of Sierra Leone. It was the first town of the
Province of Freedom and also known as Granville Town at that time. A rapid flash flooding took
place in the city, resulting in the carrying off of vehicles and structural damage (Ali, 2020). The
collapse of a wall in Cline Town due to the flood water, resulted in six deaths and two injuries.
The images below in figure 4.17 depict that the environment has been severely affected, with a
large number of debris and soil erosion. There is visible standing water and muddied ground in
areas, all of which are indicators of recent flooding. Based on the impact, The accumulation of
organic and synthetic waste shows strong floodwaters transporting material and affecting

several areas.

Based on Infrastructure and Property Damage, many of the structures in the image are makeshift
and built out of temporarily materials such as stone blocks and wooden poles. These structures
have visible signs of rust and corrosion around the base, a tell-tale sign of impact from flood
waters. In the event of heavy flooding, the vulnerability of the housing is high. With many
foundations exposed and eroded, it can be concluded that many homes and community

infrastructure were greatly affected by the flood.

Based on effectiveness of Flood Mitigation Measures, there is no sight of engineered defenses
such as flood barriers or substantial levees on the surrounding area. The images of destruction
and remaining pools of water imply that the event overwhelmed the existing defenses, if there

were any.
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Figure 4-17 Post Flood Survey conducted in Cline Town community accompanied by a local
4.5  Drone Images of Flood Prone Acquire from NDMA

I have carried out an analysis of flood risks in Freetown, Sierra Leone relying on the drone
footage provided by the National Disaster Management Agency. This innovative way of image
capture has allowed for detecting the most prone zones and evaluating the consequences of
floods more thoroughly. In the present work, I strive to enfold the implications that come out
from the reported analysis in the framework for preventing or mitigating floods, as well as in
the emergency response plan. I expect that these measures will help retain communities and the

environment of Freetown safe against this natural disaster.

4.5.1 Wellington (Latitude: 8.442081° Longitude: 13.170929°W)

Wellington is a residential neighbourhood located in Freetown, Sierra Leone, in the East End of
the city. Wellington is a densely populated neighbourhood with a diverse population. The
neighbourhood’s home to various industrial estates and minor industries in the country(Koroma
et al., 2018). In figure 4.18 (a), the houses sit on higher ground and appear to be at less risk of
the floodwaters directly. However, the land below their feet is not very stable. It is prone to
landslides and erosion when the landslides or heavy downpours saturate the soil. In figure 4.16
(b), the homes appear to be very close to a water channel or a path that water may use to flow
from the hills. If the water rises above the edge of this path, the houses are immediately at the
risk of floodwater. Figure 4.18 (¢) is a built-up urban area with the semi-open ground that could
provide some room for the floodwater to infiltrate, hence reduced risk if the water channel can

hold the water. In figure 4.18 (d), the area appears to be seriously eroded. The topsoil has been
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removed down to the reach of the vegetative cover. This area is at a very high risk of landslides
and should the soil capacity be high, could lead to flooding. In figure 4.16 (e), the paths could
be waterways during the heavy downpours. They erode the soils and the houses end up with no

foundation. In figure (f), the erosion cut through a deep gradient, thus poses a heavy risk on the

ground. The houses are built just beside the erosion areas and could fall off if unearthed.

Figure 4-18 Drone images taken of Beckle street, Wellington
4.5.2 Samba Gutter (Latitude: 8.47835 ° Longitude: 13.23943 °W)

Samba Gutter, a.k.a. the oldest drainage system in Freetown, is one of the crucial systems to
managing rainwater and forestalling inundation in Sierra Leone’s capital. Samba Gutter runs

from the Hillside Bye-pass through the PWD compound to Pademba Road in Freetown.

Figure 4.19 a) It shows a residential area with severe flood damage. There’s parallel erosion and
muddy deposits along a meandering channel, suggesting a heavy recent water flow that the road
and the foundations of residential buildings were unable to resist. It’s likely that this area is
irrigated in a similar way to the previous one, but its denser settlement arrangement makes the
flooding more severe. Figure 4.19 b) Depicts a dense residential settlement. The houses’
closeness and the streets’ narrowness indicate that the area might be poorly irrigated, with the
walls of houses next to each other preventing water from exiting the area promptly. Figure 4.19
¢) Depicts a densely built and less ruinous close community area. The quality of the housing

might be varied, with some areas on higher ground having been relatively safe from flooding,
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and the lower community areas being more at risk of the phenomenon. Figure 4.19 d) Depicts a
total disaster zone with a car tipped over amidst the debris. It was the water that did it. The vast
amount of litter in the water and the surface highlights a failed drainage system; the trash
overwhelmed it. Figure 4.19 e) It’s free of water, but the road running along the lower bank is
littered. Roads like these that go up and down may function as water barriers, forcing onto the
banks and eventually into the vicinity. Figure 4.19 f) A drowned, fast-flowing river or stream
with a reddish-brown color over implies the high concentration of riverbed sediments eroded by

the elevated waters.

Figure 4-19 Drone images of Samba Gutter, Dundas Street

4.5.3 Kroo Bay Community (Latitude: 8.48778 Longitude: -13.2417)

Kroo Bay is an informal housing settlement located on the coastline in central Freetown, the
capital of Sierra Leone(Koroma et al., 2018). The community has a rich history and a diverse
population. It a community that is frequently affected by flooding. It is an informal settlement
situated along the coastline. The estimated population of Kroo Bay exceeds 13,000
dwellers(Kabba et al., 2014). In September 2015, devastating floods hit Sierra Leone, affecting
Kroo Bay significantly. Bridges, houses, schools, and properties worth millions of Leones were
destroyed. The images from Kroo Bay Community show significant evidence of flooding, In

figure 4.20 a) Land is stripped bear with debris scattered around, typical of flood aftermath. In
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Figure 4.20 b) it shows a bridge overflow with trash, hinting at blocked waterways which can
exacerbate flooding. In figure 4.20 c) the buildings are built on the edge of eroded land, showing
vulnerability to flood erosion. In figure 4.20 d) There is a channel is clogged with waste,

indicating poor drainage which is prone to flooding.

Figure 4-20 Drone images of Kroo Bay Community

4.5.4 Texaco (Latitude: 8.4767°N, Longitude: 13.1985°W)
It seems that the Texaco community located in Eastend Freetown is exposed to serious flood

risks. The provided areas feature damaging structures and have a substantial deposit of
sediments, which serves as evidence of strong water flow and debris carried by flooding. It may
be assumed that the territory is located in a floodplain or an area that frequently suffers from
spillovers of nearby water bodies. In Figure 4.21 a), one can see a building that has not fully
sunk into the ground, while the trench next to it suggests that afterward the water took it with it.

At the same time, the rocks and mud deposited in Figure 4.21 b) reveal high activity of flooding.
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Figure 4-21 Drone images of Texaco Community

45,5 Kissy Shell Bye Pass (Latitude: 8.476706°N, longitude:13.198539°W)

The location of the Kissy Shell bye pass in Eastend Freetown is a significant area that is quite
likely a connector route, easing the congestion of traffic in and out of the country’s capital. Such
a location is likely a central area of many different developments, including roads, residential
and commercial infrastructure, and, possibly, the central spot of many key utility services. The
Kissy bye pass road is located in the eastern part of Freetown, Sierra Leone, and has become a
site of significant concern for the community due to the noise pollution that is, for the most part,
the result of the operations of the Milla Group. Figure 4.22 a) shows a dense residential area
with debris scattered throughout, suggesting recent flooding that has left refuse and possibly
damaged homes. Figure 4.22 b) illustrate a close-up of an area with a buildup of waste, which

could obstruct drainage and exacerbate future flooding.

Figure 4-22 Drone images of Kissy Shell Bye Pass
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4.6  Flood Risk Map using AHP_MCDM analysis method

The spatial database was generated by the use of different meteorological and topographical
datasets and integrated with the GIS platform. A total of eleven factors were considered in order
to construct the FRI map. Seven of those parameters, namely Rainfall, Slope, Elevation,
Distance, Soil, LULC and Drainage Density were taken into account for generating the flood
hazard map. The remaining four factors, namely, population density, Distance to Road, NDVI
and TWI were considered for creating the flood vulnerability index map of the study area. The
flood risk is the degree of exposure to the undesired event, which involves the multiplication of
the natural flood hazard factors with those that are highly vulnerable to this disaster (Lyu et al.,
2018; Quinn et al., 2019). The FRI for each parameter was calculated by aggregating the FHI
and FVI at each level

FRI= FHI x FVI (Eq. 1).

4.6.1 Flood Hazard Index (FHI) Indicator

One of the key components of the FHI-based map development is identifying the causative
factors. Other studies used geospatial techniques to account for the main contributing factors in
flood mapping (Dung et al., 2022; Mudashiru et al., 2022). For the purposes of the current study,
significant factors include rainfall, slope, elevation, distance to the river, soil type, LULC, and
drainage density. The choice of factors was based on the review of literature, decision makers,

the experts’ inputs, and locals’ perceptions of vulnerability in the studied area.

4.6.1.1 Rainfall

In the concept presented by Findi et al., (2022), flood vulnerability is closely connected with
the intensity and spatial distribution of rainfall in urban areas, which characterizes Douala and
Freetown. The Annual Rainfall Map of Freetown in figure 4.23 demonstrates the position and
extent of differing rainfall zones within the territory of this city. Here, the red-colored areas
reflect the highest rainfall zones, and green-colored areas represent the least rainfall. As seen,
rainfall in Freetown is relatively high and characterized by patches in the north-west, central,
and south-west. Still, the heaviest rainfall is observed from the north-west to the south of the
map, and the precipitation becomes moderate in the center and lower towards the west. The

lowest rainfall is visible in the north-east. For the development of this map, data was obtained
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from the Persian Rainfall data on PDIR Now and integrated into Arc GIS 10.8 for subsequent
operations and its use in this particular approximation of research were required. The rainfall
figures were divided into five classes: Very Low, Low, Moderate, High, Very High. As known,
the areas receiving much rainfall are more likely to suffer from floods, and those without it will
be at a reduced risk. Specifically, high-intensity rainfall is known to fill drainage, causing flash

floods, which are frequent in Freetown.

Furthermore, research by Tazen et al., (2019) corroborates that rainfall is a significant
contributor to the flood risk in West Africa, along with human and environmental factors.
Projections of climate change, based on regional climate models, also suggest an escalation in

flood risk and vulnerability across numerous areas (Findi et al., 2022; Kundzewicz et al., 2014)

This flood vulnerability stratification based on the annual rainfall figures from the map indicates
from a potentially reduced to an increased risk in the Western Area Rural to the Western Area
Urban. As seen, urban areas appear more likely to undergo floods. This is well explained by the
denser concentration of populations; greater densities of surfaces that do not absorb water and

suboptimal drainage systems prevalent across the city population.
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Figure 4-23 Annual Rainfall Map of Freetown
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4.6.1.2 Slope
Gentle slope areas experience high flood than high elevated area due to the downward

inundation of water from a higher area. The inundation of an area depends on the length and
steepness of its slope. For instance, areas with low slope length and angle will experience more
flooding compared to areas with high slope length and angle (H. Qin et al., 2013; Mishra &
Sinha, 2020). The slope map (fig 4.24) is extracted from the DEM which was downloaded from
SRTM Digital Elevation from USGS. The slope of Freetown ranges 0° to 60.4°. The eastern part
of the map especially the Western Area Rural shows the least slope that is more susceptible to
flooding which ranges from 0°-4.974° and also occur as patches in north-east and north-west.
The middle of the Western Area Urban Region which show a steep or high slope ranging from
18.48°-60.4° which indicated that it is less prone to flooding. The slope map is reclassified into
five classes which are (0° -4.794%), (4.975°-11.37%), (11.38° - 18.47%), (18.48° - 26.29%) and
(26.3° - 60.4°) respectively. The map is color-coded to represent different ranges of slope in
degrees, which is a measure of the steepness or incline of the terrain. Steeper slopes can lead to
faster runoff, increasing flood hazards in areas below (Danumah et al., 2016; Nsangou et al.,

2022).
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Figure 4-24 Slope Map of Freetown
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4.6.1.3 Elevation (DEM)
Elevation is a critical factor in the assessment of flood vulnerability, with lower sites, especially

in a coastal context, being more prone to flooding (Das, 2018; Swain et al., 2020). In contrast,
higher elevations are generally less vulnerable to flooding but may be subject to other risks,
such as landslides, especially if the slope gradient and the substrate material are not conducive
to stability (Hammami et al., 2019; Aladejana et al., 2021). The elevation map of Freetown
(figure 4.25) is a map created based on data from the Shuttle Radar Topography Mission which
was accessed via USGS and was compiled using ArcGIS 10.8. The map uses five distinct
elevation categories, including very high elevation covering the range from -13 to 80.29 meters,
high with the range from 80.34m to 216.60m, moderate from 216.6 meters to 363.76 meters,
low from 363.77 to 525.24 meters, and very low, with the range from 525.25m to 902 meters.
Each coloured layer represents a different elevation value, allowing for easy identification of a
given category. It is apparent that all the central areas, likely to be less vulnerable to flooding,
are among the areas of very high elevation, with the range from -13 to 80.29 meters. As these
areas collect significant runoff during heavy rainfall events, they may exacerbate flooding in
lower regions. The highest elevations are located in the central part of the city, with the range

from 525.25 to 902 meters.
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Figure 4-25 Elevation Map of Freetown

4.6.1.4 Distance from River
As riverbanks overflow during heavy rainfall, distance from rivers results in flooding risk. The

‘Distance from River’ map of Freetown (Figure 4.26) is an analysis sourced from HydroSHEDS
which was done in ArcGIS 10.8 using the Spatial Analyst Tool. The analysis classified the area
in five vulnerability categories by proximities, very high (0 — 0.00776 m), high (0.007761 —
0.04536 m), moderate (0.04537 — 0.1056 m), low (0.04537 — 0.1056 m) and very low (0.1057
—0.1271 m). Areas that are very close to rivers, the ones shown in red 0 — 0.00776 m are all
over the map of Freetown, this indicates a high susceptibility of flooding. Areas that are quite
far from the river, the ones that are in green (0.1057 — 0.1271 m) are seen in patches that are

separated from each other across the map. This indicates there is minimum flooding risk.

Regions immediately adjacent to rivers are at the greatest risk of flooding (Ghosh & Kar, 2018).
These locations are typically the first to be impacted in the event of a flood, particularly if the
river breaches its banks (Bhuyan et al., 2023; Ntajal et al., 2017). The danger increases for areas
at lower elevations or those beside rivers with substantial flow rates (Rudorffet al., 2014). While
areas farthest from rivers are least susceptible to riverine flooding according to the classification,

they may still encounter flooding from surface runoff or overwhelmed drainage systems.
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Figure 4-26 Distance from River Map of Freetown

4.6.1.5 Soil Type
Soil is associated with flood events, with its texture and type leading to the intensification of the

phenomenon. The Soil Type Map of the research area is shown in Figure 4.27. It is interpreted
from the International Soil Reference and Information Centre Soil Data Hub and presents the
soil texture. The data was generated by employing the Spatial Analyst Tool in ArcGIS 10.8.
According to the assignation, the soil texture was divided into six classes, including Clay, Sandy
Clay, Clay Loam, Sandy Clay Loam, Loam, and Sandy Loam. Each of the classifications
corresponds to the material’s composition and texture GIS which provides it with a specific

water retention level, drainage, and flood risk potential (Ghazavi et al., 2010).

Clays are characterized by fine particles that enable the material to retain water and become
compacted with ease (Romero et al., 2011). As a result, the transmission of the liquid via this
soil type is slow, leading to floods when they are severe. Sandy Clay combines sand and clay
characteristics, which moderates this effect through better drainage. Clay Loam and Sandy Clay
Loam differ in the proportions of the mixture’s sand, silt, and clay. Results show that they are
characterized by a relatively good drainage capacity while being able to retain sufficient water.

Thus, they are considered versatile materials, yet in the absence of effective drainage, this water
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might lead to local floods (Ondrasek et al., 2014). Loams are determined by their extra water
retention and nutrient keeping in the case of proper drainage, thus reducing the probability of
floods. Finally, Sandy Loam has high sand content, which guarantees quick drainage and drying.
Still, the removal of water from the soil during heavy precipitation may lead to its fast

underground flow through the material (D. Wang et al., 2021).
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Figure 4-27 Soil Map of Freetown

4.6.1.6 LULC (Land Use Land Cover)
Table 4.7 and Figure 4.28 LULC Map of Freetown below portrays varying regions of the study

area accommodating landscape activities and human development. Retrieved from USGS
through NASA LPDAAC Collections by using MODIS Land Cover V6.1, the map shows ten
classes which are Evergreen Broadleaf Forests, Woody Savannas, Savannas, Grasslands,

Permanent Wetlands, Croplands, Urban and Built-up Lands, Cropland Mosaics, Barren Lands,
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and Water Bodies according to Friedl & Sulla-Menashe, (2022) . Supervised classification using

Arc GIS 10.8 developed the classification; the map and description are as follows:

Evergreen Broadleaf Forest: The description shows region densely forested all year and
occupies 72.9 km?.

Woody Savannas: Area mixed with trees and grasslands but has cracks in canopy cover, covers
131.6 km?.

Savannas: Open grassland with few trees otherwise tropical and subtropical type, measures
266.3 km?.

Grassland: Areas occupied by only grasses excluding large shrubs and trees, measures 30.6 km?.

Permanent Wetlands: Water is the dominating factor supporting vulnerable plant and wildlife,
covers 67.9 km?.

Croplands: Practically worked on lands approximates 11.8 km?.

Urban and Built-up Lands: Areas highly colonized with cities and towns, constructions and
infrastructure, encompassing 97.1 km?.

Cropland Mosaic: Regions combined with both croplands and natural vegetative land, covers
10.9 km?.

Barren: Sparse land with little or no vegetation, covers 1.2 km?.
Water Bodies: Lakes, dams, rivers, and other large bodies, extends approximately 5.9 km?.

Understanding the LULC is essential for assessing land use influences on flood risks. Urban
areas and built-up lands, characterized by impervious surfaces, are at increased risk of flooding
due to runoft during rainfall events, as identified by Brody et al., (2014) ;and Abdulkareem et
al., (2018). Conversely, regions of evergreen broadleaf forests and permanent wetlands serve as
natural buffers, mitigating flood risks through their capacity to absorb and store water, as noted

by Du et al., (2015).
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4.6.1.7 Drainage Density

Drainage Density plays an influential role in the determination of flood vulnerability in

Freetown. The Drainage Density map (figure 4.29) is extracted from the DEM which was

downloaded from SRTM Digital Elevation from usgs and Arc GIS 10.8 was used for processing

with the aid of the Spatial analyst Tool. The entire region is classified into five classes from very

low (0-0.432 km/km?2), low (0.433—-0.935 km/km?2), moderate (0.936—1.58 km/ km2), high
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(1.59-2.52 km/km?2) and very high (2.53—4.59 km/km2). The area with the highest drainage
density is located in the south-eastern part of Freetown which is more susceptible to Flooding
and also occur as patches in north-east and north-west. Effective drainage systems can mitigate
flood risks, so areas with higher drainage density may be less prone to flooding.. Higher
Drainage Density areas are at high risk to inundation than areas with low drainage

density(Radwan et al., 2019; Nsangou et al., 2022).
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Figure 4-29 Drainage Density Map of Freetown

4.6.2 Flood Vulnerability Index (FV) Indicators
The parameters were chosen based on their significance in the field of flood vulnerability index

and the availability of data, as documented in the literature (Karmaoui et al., 2016). The
indicators selected for the flood vulnerability assessment included population density, distance
to roads, NDVI, and TWI, which were used to generate the flood vulnerability index map for
the study area. These factors were selected based on a review of literature, decision makers,

expert input, and local perceptions regarding severity in the study area.

4.6.2.1 Population Density
The article has already highlighted the fact that population density and flood risk are closely

interrelated in various contexts, especially as detailed by Nowak Da Costa et al., (2021). As
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Hsieh et al.,( 2006) explain, because areas with a high density of inhabitants are covered in
impervious surfaces, such as roads or buildings, rainfall is not absorbed into the ground. Instead,
more water is forced into the drainage systems, which often cannot simply digest all of it during
high-intensity rainfalls, the risk of which might increase because of climate change. As such, it

is possible to say that flood risk increases with population density.

The Population Density map (figure 4.30) was obtained from WorldPop and processed with the
use of the Spatial Analyst tool in Arc GIS 10.8. The map looks at the population and categorizes
people into five brackets at different levels, as follows, 18.86-1,551, 1,552-6,146, 6,147-13,500,
13,510-20,440, and 20,450-26,060 people per sq. km. At this point, the highest population
densities are relevant and are depicted in red and orange. In particular, they mark 13,510 to over
26,060 people per sq. km. The areas with the most inhabitants have the highest risk of flooding
— as the article notes, because of the high density of people, the area is covered in impervious
surfaces, which allows for a large amount of water runoff. At the same time, the engineering
solutions might not be sufficient to cope with all of the water during storms. The moderately
populated areas, in green, which is 6,147 to 13,500 people per square kilometre, may experience
a moderate risk of flooding if the drainage systems are outdated or otherwise fail. Meanwhile,
in light green, where the densities are between 18.86 to 6,146, the risk is low. Despite this, it is
possible to say that some geographical specifics, such as topographic elevation, soil, geology,
and water bodies, mean that it is still possible to be flooded. The most densely populated area,
in the north-west, shows a relatively high risk of flooding, although it is sporadic, while the rest,
covering about 75 percent of the study area also with a low risk of flooding, maybe 5 or 6 times

less dense.
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Figure 4-30 Population Density Map of Freetown

4.6.2.2 Distance to Roads
Flooding is a problem for the areas that are close to roads as their drainage system usually

exacerbates the problem. The problem is different for areas that are further away. A distance
from road map of Freetown (Figure 4.31), sourced from BBBike's website, was integrated into
ArcGIS 10.8 using the Spatial Analyst Tool for analysis. The five-classes map was transferred
into ArcGIS 10.8 using the Spatial Analyst Tool. The map first measures the area from the road.
It measures the shortest distance between the road and the arbitrary point on it by the following
classes: very high (0-0.002193m), high (0.0021931-0.0069445m), moderate (0.0069446—
0.012793m), low (0.012794-0.019493m), and very low (0.019494-0.031068m). The map
shows that the areas that are very close to roads are spread all over and are shown in red
0.002193m. It means that the area measures 219.3 sq. cm from the road but no such area exists
in central Freetown meaning it has a high potential for flooding. The areas that are under lower
potential of flooding are shown in green 0.031068 m and are mostly in the central part of
Freetown. Runoff from the roads affected by poor drainage or good drainage will determine if
the proximity to the road is of advantage or disadvantage to the flooding level of an
area(Jamshed et al., 2020). The road network of a city especially those linked to arterial roads

has a high advantage to the city’s disaster support capacity concerning flood hazards. Poor or
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no drainage systems or roads can give proximity to vulnerable areas hence high chances of
flooding(Park & Lee, 2019). Proximity to roads may aid in an immediate response and
evacuation but also increase the chances of quick flooding that comes as a result of runoff. On
the other hand, an area far from roads will have a delayed emergency response but very low
chances of direct runoff. The evaluation of the flood risk thus requires a trade-off on the earlier

response due to transport against the waste runoff from pavements.
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Figure 4-31 Distance from Road map of Freetown

4.6.2.3 Normalized Difference Vegetation Index (NDVI)
Normalized Difference Vegetation Index (NDVI) is a criterion used to assess the health and

density of vegetation through comparing the amount of visible and near-infrared light reflected.
The range of NDVI is from -1 to +1, and the increased value is indicative of healthier and denser
vegetation (Basak et al., 2023). The Freetown NDVI Map of Figure 4.32 was obtained from
MODIS Vegetation Index via USGS and reclassed by the spatial analyst tool in ArcGIS 10.8.
The first map NDVI_MAP was reclassified into six categories: Water [-0.28, -0.015], Built-Up
Area [0.015, 0.14], Barren Land [0.14, 0.18], and Shrub and Grassland [0.18, 0.27]. Areas of
Built-Up land, depicted in red with NDVI values between 0.0501 and 0.14, are particularly

93



prone to flooding. This susceptibility is due to the predominance of impervious surfaces that
hinder water absorption, thus increasing runoff and consequently flooding risks (Nsangou et al.,
2022). It is caused by the inability to directly absorb water that runs over the surface and leads
to enhanced runoff flow and increased likelihood of flooding. The NDVI value for this region
is from 0.05 to 0.14; in the described map, this area consists of moderate density values. The
areas of Dense Vegetation in dark green having NDVI values from 0.3601 to 0.74 are less likely
to be flooded. It is caused by the significant ability of dense vegetation to absorb the water, and
as the roots of the plants maintaining soil, runoff is reduced and flooding becomes less

likely(Taherizadeh et al., 2023) .
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Figure 4-32 NDVI Map of Freetown

4.6.2.4 Topographic Wetness Index (TWI)
The Topographic Wetness Index is successfully used to visualize areas that are prone to water

accumulation. The TWI map (figure 4.33) was elaborated through the usage of the Shuttle Radar
Topography Mission Digital Elevation Model of the study region. Specifically, a Spatial Analyst
tool in ArcGIS 10.8 processed the data. The largest TWI values correspond to the eastern and

southeastern parts of Freetown that range between 13.98 and 22.3. Notably, the areas are more
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likely to be saturated with soil moisture. Moreover, these regions are more likely to be affected
by flooding, particularly during heavy rainfalls(Yilmaz et al., 2023) . As Khoirunisa et al.,
(2021) point out, higher flood hazard is often associated with greater TWI . In contrast, the areas
with the smallest TWI values from the northwest to the southwest of Freetown that ranges
between 2.985 and 6.014 are the least prone to the surface water retention. According to Burayu
et al., (2023), such areas are the least likely to be affected by flooding. Finally, it is possible to
divide the TWI into the following five categories: 2.985-6.014, 6.015-7.908, 7.909-10.56,
10.57-13.97, and 13.98-22.3.
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Figure 4-33 TWI Map of Freetown

4.6.3 Normalization of Flood Hazard and Vulnerability Indicators

Normalization of flood hazard and vulnerability indicators is a process used in flood risk
assessment to put various risk factors on a common scale, allowing for comparative analysis
and integration into a comprehensive risk profile. To compare the criteria in order to combine
them to form the flood hazard index and flood vulnerability index map layers, all criteria were
developed based on expert view, literature review and perception of people based on the
questionnaire given to them. The assigned values for the Flood Hazard Indicators and Flood
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Vulnerability indicators are presented in Table 4.8 ,4.9, 4.10 and 4.11 which were normalized
and the values ranged 1 to 9, which revealed the influence of each factor on flood hazard or

vulnerability in Freetown.

4.6.3.1 Calculation of Weights and Ranking of Flood Hazard and Vulnerability
Indicators Using AHP

This process entails creating a pairwise comparison matrix, where each flood hazard and
vulnerability-related factor is rated against every other factor using a comparative scale, which
ranges from 1 to 9 as proposed by Saaty (1980). An illustrative example of such a matrix for all
the important factors is displayed in Tables 4.8, 4.9, 4.10, and 4.11. The CR values for the flood
hazard and vulnerability came out to be 0.005 and 0.006 respectively, both falling below the

threshold of 0.1, thereby indicating an acceptable level of consistency as per Saaty's guidelines.

The consequential overall weight and ranking of each factor, for both hazard and vulnerability,
are tabulated in Tables 4.8, 4.9, 4.10, and 4.11. For flood hazard criteria, the weights were
assigned as follows: Rainfall (0.29), Land Use Land Cover (LULC) (0.20), Soil (0.16),
Elevation (0.10), Slope (0.10), Distance to River (0.09), and Drainage Density (0.06). Rainfall
emerged as the most significant factor, amplifying the impacts of flood risk in Freetown, which
is often influenced heavily by rapid urbanization and the construction of impermeable structures
in LULC, followed by soil type, elevation, and slope. Distance to River and Drainage Density
were given lower weights according to expert assessments, local perceptions, and decision-

makers' opinions.

In terms of flood vulnerability criteria, the weights are allocated as follows: Population Density
(0.45), Distance to Road (0.26), Normalized Difference Vegetation Index (NDVI) (0.14), and
Topographic Wetness Index (TWI) (0.14). The ranking elucidates that factors like Population
Density and Distance to Road have a more substantial impact on flood risk compared to NDVI

and TWI, reflecting the conditions prevalent in the study area

Table 4-8 Comparison Matrix of Flood Hazard Indicator (7 % 7)

Flood Hazard Distance Drainage
Criteria Rainfall | Slope | LULC | to River | Soil | Elevation | Density
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Rainfall 1 3 2 4 2 3 4
Slope 1/3 1 172 2 172 1 2
LULC 12 2 1 3 1 2 3

Distance to River 1/4 172 1/3 1 172 172 3

Soil 12 2 1 2 1 2 2

Elevation 1/4 1 172 2 172 1 2

Drainage Density 1/3 2 3 172 12 1/3 1
Total 2430 | 0.857 | 1.652 0.616 1.338 0.857 0.453

Source: (Based on Experts’view from FCC and NDMA and local people interview and

Literature review, 2024)

Table 4-9 Normalized Matrix of Flood Hazard Indicators (7*7)

Flood Hazard Distance Drainage | Priority
Criteria Rainfall | Slope | LULC | to River | Soil | Elevation | Density | Vector
Rainfall 0.412 |3.501|1.211| 6.494 |1.495| 3.501 8.830 0.29

Slope 0.137 |1.167 | 0.303 | 3.247 |0.374| 1.167 4.415 0.1
LULC 0.206 |2.334|0.605| 4.870 |0.747 | 2334 6.623 0.2

Distance to River 0.103 | 0.583 | 0.202 1.623 0.374 0.583 6.623 0.09

Soil 0.206 | 2.334 | 0.605 | 3.247 | 0.747 2.334 4.415 0.16

Elevation 0.103 | 1.167 | 0.303 | 3.247 | 0.374 1.167 4.415 0.1

Drainage Density 0.137 | 2.334 | 1.816 | 0.812 0.374 0.389 2.208 0.06

Source: (Based on Experts’view at FCC and NDMA and local people interview and Literature

review, 2024 )
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Table 4-10 Comparison Matrix of Flood Vulnerability Indicator (4 % 4)

Distance to
Flood Hazard Criteria Population Road NDVI TWI
Population 1 2 3 3
Distance to Road 1/2 1 2 2
NDVI 1/3 1/2 1 1
TWI 1/3 1/2 1 1
Total 2.059 1.189 0.639 0.639

Source: (Based on Experts’view at FCC and NDMA and local people interview and Literature

review, 2024 )

Table 4-11 Normalized Matrix of Flood Vulnerability Indicator (4 x 4 )

Distance to
Flood Hazard Criteria Population Road NDVI | TWI Priority Vector
Population 0.49 1.68 | 4.69 | 4.69 0.45
Distance to Road 0.24 084 | 3.13| 3.13 0.26
NDVI 0.16 0.42 | 1.56| 1.56 0.14
TWI 0.16 0.42 | 1.56| 1.56 0.14

Source: (Based on Experts’view at FCC and NDMA and local people interview and Literature

review, 2024 )

Table 4-12 Weights and Classes of Flood Hazard Indicators and Ranking

Relative
S/No | Parameter Weight | Unit Sub Classes Vulnerability | Rank
2331-2350 Very Low 1
2351-2370 Low 2
Rainfall 29% mm | 2371-2389 Moderate 3
2390-2409 High 4
1 2410-2428 Very High 5
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0-4.974 Very High 5

4.975-11.37 High 4

2 Slope 10% Degree | 11.38-18.47 Moderate 3
18.48-26.29 Low 2

26.3-60.4 Very Low 1

Built Up Area Very High 5

Bare Land High 4

3 LULC 20% Level | Vegetation Moderate 3
Cropland Low 2

Vegetation Very Low 1

0-0.00776 Very High 5

Distance to 0.007761-0.04538 | High 4

4 River 9% m 0.04537-0.1056 Moderate 3
0.1057-0.1271 Low 2

0.1272-0.1522 Very Low 1

Sandy Loam Very High 5

Sandy Clay High 4

5 Soil 16% Loam Moderate 3
Clay Loam Low 2

Clay Very Low 1

13-80.29 Very High 5

80.3-216.6 High 4

6 Elevation 10% m 216.7-363.8 Moderate 3
363.9-525.2 Low 2

525.3-902 Very Low 1

0-0.432 Very Low 1

Drainage 0.433-0.935 Low 2

7 Density 6% km2 | 0.935-1.58 Moderate 3
1.59-2.52 High 4

2.53-4.59 Very High 5

Source: (Based on Experts’view at FCC and NDMA and local people interview and Literature

review, 2024 )

Table 4.13: Classes of Flood Vulnerability Indicators, their Weight and Ranking

Relative
S/No | Parameter Weight Unit Sub Classes | Vulnerability | Rank
18.86-1551 Very Low 1
Population 1552-6146 Low 2
Density 46% People/km2 | 6147-13500 M_oderate 3
13510-20440 | High 4
1 20450-26060 | Very High 5
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0-4.974 Very High
Distance to 4.975-11.37 High
2 26% m 11.38-18.47 Moderate

Road 18.48-2629 | Low
26.3-60.4 Very Low
Water Very High
Built Up Area | High
3 NDVI 14% Level Barren Land | Moderate
Grassland Low

Vegetation Very Low
2.985-6.014 | Very Low
6.015-7.908 | Low

4 TWI 14% Level 7.909-10.56 | Moderate
10.57-13.97 | High
13.98-22.3 Very High

RPINWIAROIRLPINOW(AOIRLINDW||OT

Source: (Based on Experts’view at FCC and NDMA and local people interview and Literature
review, 2024 )

4.6.4 Flood Hazard Map

Figure 4.34 presents the flood hazard map for the study area characterized by the division of
potentially flood-prone territories into five distinct hazard classes. These include very low, low,
moderate, high, and very high flood hazard classification. It is based on various aspects such as
rainfall, slope, land use and land cover, distance to rivers, soil type, elevation, drainage density.
Very Low Flood Hazard is marked with light green. It is 145.05 km2, which is 21.94% of the
total area of the Freetown map. These areas might include very favorable conditions such as
high elevation, low rainfall, gentle slopes, good drainage, soil types with the highest infiltration
rate, and big distance to the river in the flood hazard map. It might correspond to territories,
which do not seem to be located near large water bodies or some elevated locations. An example
might be areas in or around Regent, Hill Station, or other elevated regions. Low Flood Hazard
painted in green covers 177.05 km2, which is 26.77% of the total area of the Freetown map.
These might embrace moderate rainfall, a mixture of land use types, with some degree of
urbanization, but also a sufficient amount of vegetation, moderate slopes, and soils with some

good penetration. It may be situated at moderate elevations or somewhat located from rivers.
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The Moderate Flood Hazard is represented with a yellow colour and has a surface area of
148.91km?. This area is 22.52% of the total area of the Freetown map. High hazard risk areas
are likely to be characterized by an equal proportion of high rainfall, mixed LULC, varying
slope gradient, LULC includes urban which is likely to have a number and proportion of
impervious and pervious surface, soil types which may inhibit water infiltration to some extent
and average drainage density. These moderate flood hazard zones may be at slightly lower

elevations and near the low flood hazard zones which may acts as its buffer region.

The High Flood Hazard is represented with a yellow colour and has a surface area of 108.56
km?. This area is 16.42% of the total area of the Freetown map. High hazard risk areas are likely
to be characterized by intense rainfall, high proportion of urban land use which will have a lot
of impervious surfaces, steep slopes, soil types which allow for very little infiltration like clay,
slightly lower elevations, and high drainage density as well as immediate proximity to rivers.
Areas classified as of high flood hazard risk and may exist in the flood hazard map include areas

like Kroo Bay and Susan’s Bay that are known to experience intense flooding.

The Very High Flood Hazard are marked with red coloured and they cover a surface area of
81.62 km2 which is 12.35% of the total area of the Freetown map. These are the most critical
areas with the highest risk of flooding, likely due to extremely heavy rainfall, predominantly
urban land use with little to no vegetation cover, very steep slopes, poor draining soils, very low
elevations, high drainage density, and immediate proximity to rivers Areas requiring immediate

attention may include coastal regions and riverbanks at the central parts of the city.

The flood hazard map was created following the Analytical Hierarchy Process method, a semi-
quantitative decision-making tool, integrating an expert assessment, planning input, and local
insight. As stated by Karymbalis et al., (2021), AHP divides a complex issue into a structure to
ease the problem of making it, uniquely combining objective data. and evaluations of a
subjective nature to transit the best overall solution. According to Youssef & Hegab,( 2019), the
Excel software facilitated the whole pairwise comparison process and calculation of the weights
and the Consistency Ratio. Continuous, accurate analysis of flood risks throughout Freetown’s
area was possible due to this methodology, as pointed out in (Aladejana et al., 2021) . Such a

detailed mapping provides significant help for both city planners and policymakers, as they can
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utilize it to guide infrastructure building and land use planning, and the implementation of flood

protection measures to a well-suited area.
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Figure 4-34: Flood Hazard Map of Freetown
4.6.5 Flood Vulnerability Map

8°10'0"N

The flood vulnerability map of the Freetown is presented in Figure 4.35 below. The area of study

is classified into five classes of vulnerability: very low, low, moderate, high, and very high. The

study is based on the contributory factors such as Population Density, Distance to Road, NDVI,

and TWI. The areas with a very high level of vulnerability, which is marked in red, are Lumley,

Hill station, Regent in the north-west, and Devil Hole, Newton, Songo in the north-east. The Very

High vulnerability areas cover a surface area of 136.04 km? which is 19.76% of the total area of

the map. The areas are densely populated hence increased risk to human life and property loss.

The major roads connecting these specific areas such as Lumley and Shell imply there is higher

risk to traffic movement and infrastructure damage. The low NDVI in these areas is due to the

high urban settlements with no vegetation for the lower values. The low values also imply low
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vegetation cover hence low capacity to absorb water leading to surface run off. The TWI for flat
terrains like Murray Town has high values meaning it is more likely to hold water with poor

drainage.

High vulnerability is marked with an orange color. The High vulnerability areas cover a surface
area of 231.45 km? which is 33.62% of the total area of the map. The mixed land use along the
coast such as Aberdeen, Yams Farm, Gloucester are high in population and more likely to be
affected by floods. The connectivity to the roads is a potential risk to transport and business
activities when flooding occurs. In these areas, there is a moderate value of NDVI implying
greenery, but the NDVI is still limited in terms of mitigating floods due to urbanization. The high
TWI values for the region infer that it is flat and has the likelihood of flooding due to close

proximity to water bodies.

The moderate vulnerability areas shown in yellow actually cover the north-west of Bathurst and
Charlotte and the central part of Rokel in Freetown. The Moderate vulnerability areas cover a
surface area of 154.09 km?, which is 22.38% of the total area of the map. Due to a moderate level
of population density, these areas have a moderate level of flood risk. Besides, less central access
roads correspond to a lower risk to access. Given higher NDVI values, the enhanced water
absorption capacity decreases the human risk factor. The TWI values are moderate as being

sloping to facilitate drainage, the areas are still perilously inclined to flooding.

The low and very low vulnerability areas are light and dark blue. The Very Low and vulnerability
areas cover a surface area of 52.30 km? and 114.49 km?, which is 7.60% and 16.63% of the total
area respectively. Waterloo’s most remote areas York and Kent together with the farmlands along
the north-west to the south east including Deep Eye Water and Rokel are the outskirt regions
presumably with a lower risk to human inhabitation through a much lower population density. Not
being close to major roads, the factors such as economic activities and infrastructure risk are
reduced as well. Higher NDVI values suggest robust vegetation, which minimizes the flood risk
through enhancing soil capacity to absorb water and reducing runoff. In addition, the lower TWI

values suggest an overall better drainage system.
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Figure 4-35: Flood Vulnerability Map of Freetown
4.6.6 Flood Risk Map

The flood risk map of the study area is presented in Figure 4.36. The flood risk is divided into
five levels of risk ranging from very low, low, moderate, high and very high risk. The Figure
reveals that areas of very high, high, moderate, low and very low risk are
7.40%,46.05%,22.10%, 16.61% and 7.83% with a surface area of 48.93 km? 304.26 km?
146.03 km?, 109.78 km? and 51.77 km? respectively

The very low flood risk areas are marked with green and this regions with less intense rainfall,
good natural drainage due to slope and elevation, lower population densities, and areas that are
further from rivers and major roads. They likely feature robust vegetation (high NDVI values),
which suggests that these areas are better equipped to handle potential flooding through natural

absorption and runoff processes.
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The low flood risk areas are marked with yellow and the classification may apply to areas with
slightly more population density and proximity to rivers and roads than the very low-risk areas.
They might experience moderate rainfall and have adequate drainage systems in place. The
presence of vegetation is still good, aiding in flood mitigation. These includes areas such as

Waterloo, Benguema and parts of Campbell Town.

The moderate flood risk areas are marked with yellow and these regions such as York, Deep Ey
Water, Hastings and part of Waterloo and Campbell Town often receive more rainfall and have
a mix of natural and urban landscapes (LULC). The proximity to rivers and population centers
increases, as does the network of roads, raising the potential impact of flooding. Vegetation

might be less due to urbanization, which is indicated by moderate NDVI values.

The High Flood Areas are marked with orange colours. Areas such as Kingtom, Murray Town,
Lumley, Goderich, Hamilton, Grafton, Hastings, Yams Farm and party of Allen Town in this
category are expected to have high population densities and are closely integrated with the road
network, indicating more developed and urbanized zones. They might be closer to rivers, have
lower elevation, and the NDVI values suggest limited vegetation cover, increasing flood risk.

The drainage systems here are more likely to be challenged during heavy rains.

The very high Flood risk is marked with Red. The areas such as Aberdeen, Gloucester, parts of
Murray Town, Regent, Goderich, Allen Town, Jui and Grafton are possibly the most urbanized
regions with the highest population density and significant infrastructure development. They are
likely to have high rainfall, flat topography, poor drainage systems (high TWI values), and

minimal vegetation cover (low NDVTI values), all of which contribute to a substantial flood risk
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Figure 4-36: Flood Risk Map of Freetown

4.6.7 Validation of the Flood Risk Map

The verified flood risk map of Freetown is presented in Figure 4.37. The results of the
verification reveal good agreement between the flood risk map and the historical flood records
that occurred in Freetown. This proves that the proposed methodology can be applied in other
study areas to developed flood risk map as it is flexible, easy to use, has high accuracy and
requires less data. The Figure shows that the high and very high flood risk are located in areas
that has historical flood records in the case of Murray Town, Kroo Bay, Samba Gutter, Hastings,

Lumley, Texaco, Kissy Bye Pass, Kissy Brook, Dwarzack etc as seen in figure 4.33 below.
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Figure 4-37 Validation of the Flood Risk Map of Freetown

4.7  Analyzing Two Decades of Land Use and Land Change (LULC) using MODIS

classification in Freetown

8°10'0"N

Over the span of two decades, from 2001 to 2020, the land cover and land use patterns in the

observed area have undergone noticeable changes. The following insights have been gathered

from (Figure 4.38 & Figure 4.39) and Table 4.14 below, based on LULC mapping of Freetown:

Evergreen needleleaf forests: There is a decrease in the area, from 0.6 to 0.2 km? and 0 km?

in 2001, 2010 and 2020 respectively. The area of both these forest types has decreased,

especially from 2010 to 2020. The non-necessity of such forest type may increase the

possibility of flooding due to water absorptions by trees being lost.

Evergreen Broadleaf forest: There is a mixed response as there is a decrease in the area from

96.07 km?, reduce to 88.3 km? in 2005 and an increase of 122.6 km? in 2010. A significant

107



decrease of 72.9 km? in 2020 shows there is a high possibility of cutting down trees which

may increase flooding by reducing evapotranspiration and soil stabilization.

Mixed forest: The area decreases from 0.48 km? in 2001 to 2005 and by 2010 and later years
the area has multiplied yet trace of it has disappeared. They increase the chance of flooding

due to all types of vegetation under the ecosystem by decreasing.

Woody savannas: From 117.12 km? in 2010 to 121.5 km?, the area increased by 4.38 km? in
2020. Degradation of savannas has maintained the increase of floods at high rainfalls by
decreasing water uptake since, woody savannas usually keep water and in case they decrease

there is a raise of floods.

Savannas: The areas start to increase from 237.16 km? in 2001 to 262.6 km? in 2010 and
significantly increase in 2020 by 266.3 km?. Savannas tend to have good water absorption but
are prone to degradation, so changes are likely to not have a significant effect on flooding

unless other land-use changes are present.

Grasslands: the areas start to increase from 2.16 km? in 2001 to 10.9 km? in 2010 and
significantly increase in 2020 by 30.6 km?. Increased grasslands can be beneficial for flood

resilience if these areas are managed to maintain soil and grass cover health.

Permanent wetlands: the areas start to decrease from 120.48 km? in 2001 to 73.2 km? in 2010
and significantly decrease in 2020 by 67.9 km?. The decrease in wetlands area is concerning
as wetlands should relatively large and provide flood control by absorption of excessive
rainfall. The reduction of wetlands anticipatedly had a solid negative effect on the resilience

of the watershed to floods.

Croplands: the areas start to increase from 7.73 km? in 2001 to 10.4 km? in 2010 and
significantly increase in 2020 by 11.8 km?. Croplands, while contributing to food supplies,
might have negative effects on flood risk, especially unchanged if they replaced forested or

wetter areas.

Urban built lands : the areas start to increase from 74.88 km? in 2001 to 80.7 km? in 2010 and

significantly increase in 2020 by 97.1 km2. A significant increase in urban area likely means
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increased impervious surfaces, will contribute to higher runoff levels, and thus increase local
and downstream areas’ vulnerability to flooding. There is an increase in the urban area, thereby

implying global trends towards urbanization.

Cropland Mosaic: The area is observed to decrease from 32.65 km? in 2001 to 7.9 km? in 2010
and then it increases by 10.9 km? in 2020. There may be changes in agricultural practices, which

could lead to evolving water runoff that might influence flood risk to some extent.

Barren Land: The areas reduce from 0.88 km? in 2001 to 0.3 km? in 2010 and increase
drastically in 2020 by 1.2 km?. The existence of barren land may not have a significant effect

on flood vulnerability unless areas are changed to other land uses.

Water Bodies: There is an increase in its area from 5.86 km? in 2001 to 5.9 km? in 2010, and it
remains the same in 2020 by 5.9 km? Manica 2017 . Stability in water bodies helps to control
flood.

The discussions of Freetown LULC show that from 2001 to 2020, the area is moving towards
increased urbanization and agriculture while natural vegetation and water bodies are decreasing
as presented in Table 4.12 and Figure 4.34. Based on the Legends, it appears that flood
vulnerability in Freetown has increased as a result of loss of forests and wetlands coupled with
a considerable increase in urbanization. Hence, maintaining and enhancing natural vegetation

cover and water bodies are crucial.
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LULC MAP OF FREETOWN (2001-2020)

13°17'20"W 13°7'0"W 12°56'40"W  43°17'20"W 13°7°0"W 12°5640"W 13°17'20"W 13°7'0"W 12°56'40"V
1 1 1 A R A 1 1 1
LULC 2001 1 LULC 2010 LULC 2020
z Western Afea Urban Western ffea Urban
g = Western Afea Urban
o o
o = =
-] o
Ded
&
£
S- z
S 2 A
<« o
o~
&
£
=5 =
T =3 B
-] ‘Q_ T
&
e
o
= E
g T I T T T T T
~
Legend N
Il Evergreen Needleleaf Foresy [~ ~| Grassland Cropland Mosaic
[ Evergreen Broadleaf Forest [/ 7] Permanent Wetlands [ | Barren
[ Woody Savanas [ | croplands I Water Bodies e m—
7] savannas I Urban & Built Up Land 0 10 20

Figure 4-38 LULC Map of Freetown for the past two decades

Table 4-15 LULC Change of Freetown 2001,2010 TO 2022 using MODIS Classification
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LULC Change Detection of Freetown from 2001,2010 and 2020
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Figure 4-39 LULC Change Detection of Freetown from 2001,2010 and 2020
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5.0 CONCLUSION AND RECCOMMENDATIONS
5.0 Conclusion

This study deals with the Comprehensive study of Flood Risk Assessment considering the
impacts of Climate Change and Land Use in Freetown, Sierra Leone. It utilizes Mann Kendall
Trends analysis of Historical Climate Data e.g Rainfall and Temperature spanning over a period
of 30 years (1991-2020) which shows how Climate change has impacted flooding in Freetown.
It also uses the Rainfall Runoff Inundation which was instrumental in simulating Flood hazards

as applied to the two basins use in this study.

Another method that was utilize was the Analytic Hierarchy Process (AHP) using the Multi-
criteria Decision Making (MCDM) with the aid of GIS which serve as robust tool to generate a
Flood Risk Assessment Map of Freetown. Analysis of two decades of Land Use and Land Cover
(LULC) changes using MODIS classification shows how rapid urbanization and reduce in

vegetation cover have influence Flooding in Freetown, Sierra Leone.

The Mann Kendall Trend analysis of the Climate data indicates that Rainfall was gradually
increasing by an average of 51.833 over the period of 30 years whilst in terms of seasonal
analysis, the Rainy season trend exhibits significant variation in rainfall with peaks indicating
years of Heavy rainfall whilst the dry season indicates less variation in rainfall compared to the
rainy season. The mean, maximum and minimum annual temperature reveals that an increase in
temperature over the years. The Mann Kendall trend monthly analysis results reveal that the
mean annual temperature, minimum annual temperature and maximum annual temperature
shows that 6 out of 12 months shows trend, 3 out of 12 months shows trend and 2 out of 12

months shows trend respectively.

The RRI model's performance was validated against observed flood depths, showing
coefficients of determination (R?) of 0.6582, Nash-Sutcliffe Efficiency (NSE) of 0.621, and
Percent Bias (PBIAS) of -4.73%, indicating a generally reliable model for simulating flood

hazards in Freetown

The AHP_MCDM with the aid of GIS was used to generate the Flood Risk Map using Flood

hazard and Flood vulnerability Criteria that was achieved by field surveys, discussion with
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experts, extensive literature, decision makers and local perception. The study utilizes 11
indicators for flood risk assessment in Freetown which includes Rainfall, LULC, Soil,
Elevation, Slope, Distance to River Drainage Density, Population Density, TWI, NDVI and
Distance to Road. The Flood Hazards criteria include Rainfall, LULC, Soil, Elevation, Slope,
Distance to River and Drainage Density whilst the Flood vulnerability Criteria includes
Population Density, TWI, NDVI and Distance to Road. The results shows that the Flood hazard
map zones constitute of 81.62 km?2 (12.35%) of very high zone and 108.56 km2 (16.42%) of
high zone and which are prone to flooding. This covers a total surface area of 190.10 km2
(28.77%) which is prone to flooding with moderate, low and very low zones covering a total
surface area of 470.98 km2 (71.23%). The result also reveals that the Flood vulnerability map
constitute of 136.04 km2 (19.76%) of very high zone and 231.45 km2 (33.62%) of high zone
which are prone to flooding. It covers a total surface area of 367.50 km2 that are prone to
flooding with moderate, low and very low zones covering a total surface area of 320.88 km?2
(46.61%). After integrating the Flood Hazard and vulnerability map, the Flood Risk Maps shows
48.93 km?2 (7.40%) of the very high zones and 304.26 km2 (46.05%) of the high zones that are
prone to flooding with moderate, low and very low zones covering a total surface area of 307.58
km2 (46.55%). The high and very high zones of the Flood Risk Map cover 353.19 km2 (53.45
%) which is more than half of the total study area which is at high risk to Flooding with
moderate, low and very low zones covering a total area of. The results of the flood risk map
were validated using historical records of flood in Freetown developed by the Freetown city
council and this shows how applicable and reliable the methodology is. The result for the LULC
analysis from 2001-2020 indicates an increase in urbanization and agriculture practices with a
decrease in natural vegetation and water bodies which highlights the effects of land use on Flood

risk in Freetown.
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5.1

Practical Recommendations

5.1.1 Adaptation Measure

» Enhance Drainage Infrastructure: The ministry of Works and Public Assets should

Oversee the repair and maintenance of existing drainage systems to manage larger water
volumes and prevent overflow, especially in Samba Gutter, Kissy Road, and Mountain Cut

axis.

Construct Flood-Resilient Buildings and Infrastructure: The Ministry of Lands,
Housing and Country Planning should Ensure that building regulations require flood
resilience in the construction processes, including elevation of buildings and installation
of flood barriers, particularly in flood-prone areas like Kroo Bay, Cline Town, and Old

Wharf.

Implement Green Urban Development: The Ministry of Environment should
Incorporate green designs in urban planning, such as permeable surfaces and green roofs,

particularly in areas like Lumley, Aberdeen, Portee, and Wellington.

Expand and protect green cover: The Ministry of Environment should manage
reforestation projects and protect existing green areas to enhance groundwater recharge

and reduce runoff, focusing on regions like Guma, Regent, and Bathurst.

Involve local communities in flood management: The NDMA and SLMET should foster
a community-based approach to flood management by involving residents in early warning

systems, preparedness drills, and the upkeep of local water management structures.

5.1.2 Mitigation Measures

» Enforcing strategic land use regulations: Ministry of Local Government and Rural

Development along with the Freetown City Council should develop and implement strict
land use policies that limit development in flood-prone zones, steering new developments

to safer areas through thoughtful zoning and incentives.
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» Improve public information and understanding: Ministry of Information and
Communications should lead a comprehensive education campaign to raise awareness
about flood risks and climate change effects, providing practical information to the public
on how to minimize these risks.

> Improve research institution and Hydrological Data Collection: Ministry of Water
Resources should equip research institutions like National Water Resource Management
Association (NWRMA) with advanced flood modelling techniques and enhance the

methods for collecting hydrological data, such as stream flow and river discharge.
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