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ABSTRACT

Flooding is a significant and worsening challenge for many human societies, with increasing
severity driven by climate change and land use pressures. This natural hazard constitutes one
of the world's worst natural disasters, causing about a third of all significant human, material,
and economic losses, highlighting the urgent need for effective flood risk management
strategies. This study assessed the flood risk in the Wadi Boudouaou basin using an integrated
approach that combines the Analytical Hierarchy Process method and the Rainfall Runoff
Inundation Model to identify high-risk areas. The AHP method was applied to develop a flood
vulnerability map based on seven key criteria: elevation, slope, rainfall, land use/land cover,
drainage density, topographic wetness index and distance from river to provide a spatial
understanding of areas with varying susceptibility to flood impacts. The RRI model was used
to simulate flood hazard under two major scenarios: with and without the presence of the
Keddara Dam. However, the presence of the dam produced negligible differences in flood
hazard patterns. Furthermore, four rainfall conditions were tested: the actual recorded event,
and hypothetical increases of 20%, 60%, and 100% to simulate the effects of future climate
change. Analysis of the risk map illustrates that the areas situated in proximity to the main
Boudouaou Wadi exhibit very high to high risk to flooding incidents compared to other parts of
the watershed. Additionally, the results showed that flood risk increases significantly with
higher rainfall intensities, particularly along main river channels and low-lying floodplains,
emphasizing the pressing need for proactive flood risk management measures. the findings will
provide policymakers, urban planners, and disaster management authorities with actionable

strategies to reduce flood risk and enhance long-term resilience in the Wadi Boudouaou Basin.

Keywords: Wadi Boudouaou basin, Flood risk, Flood hazard, Vulnerability mapping, AHP
method, RRI model, GIS.
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CHAPTER ONE: INTRODUCTION
1.1 Background

In recent decades, the management of water resources has become a critical global concern due
to the increasing frequency and intensity of extreme hydrometeorological events driven by
climate change. Rising temperatures and changes in precipitation patterns have intensified both
droughts and floods, resulting in significant socio-economic and environmental consequences
(Kundzewicz et al., 2019). Among these, floods represent one of the most destructive natural
hazards, causing widespread damage to infrastructure, loss of life, and economic disruptions

(Merz et al., 2021).

Floods can occur due to various factors, including intense or prolonged rainfall, poor drainage
infrastructure, and land-use changes that reduce natural water retention capacities (Hassan et
al., 2022; Zhang et al., 2022). Urbanization exacerbates the risk of flooding by increasing
impervious surfaces, which accelerate surface runoff and reduce infiltration. This is particularly
concerning in rapidly developing regions where urban expansion outpaces the implementation

of effective flood control measures (Douglas et al., 2008).

Algeria, like many Mediterranean countries, has been increasingly affected by extreme flood
events, primarily due to its climatic variability and rapid urbanization (Zekouda et al., 2020).
The country experiences heavy seasonal rainfall, which, when combined with inadequate
drainage systems and unplanned urban sprawl, leads to severe flooding, particularly in densely
populated areas (Abdrabo et al., 2021). Notable flood disasters in Algeria include the
devastating floods in Bab El Oued (2001), Ghardaia (2008), and Algiers (2018), all of which

caused significant casualties and economic losses (Taib, 2024)

The Boudouaou Basin, located in the Algiers region, is particularly vulnerable to flood hazards
due to its geographical and hydrological characteristics. The basin's proximity to urbanized
areas, combined with rapid land-use changes and insufficient flood mitigation strategies, has
increased the likelihood of recurrent flooding. Heavy rainfall events frequently lead to flash
floods, overwhelming drainage systems and causing damage to residential, commercial, and
agricultural areas. Additionally, sediment transport and riverbed modifications contribute to

further disruptions, reducing the basin’s capacity to manage floodwaters effectively.

Despite the availability of various flood risk assessment tools, a major challenge remains in
accurately identifying high-risk areas and vulnerable infrastructure in the Boudouaou Basin.

Effective flood risk management requires an integrated approach that combines hydrological

1



modeling, hazard assessment, and vulnerability analysis to capture the complexity of flood
dynamics. In this context, flood hazard and vulnerability maps play a crucial role in developing
comprehensive flood risk maps for different return periods, allowing for a more precise
assessment of exposure and potential damage. This study employs the Rainfall-Runoff-
Inundation (RRI) model alongside the Analytic Hierarchy Process (AHP) method to enhance

flood risk mapping, providing valuable insights into areas at heightened risk of flooding.

Building on these assessments, the study aims to develop strategic mitigation measures and
preparedness actions to reduce flood risks in the Boudouaou Basin. By analyzing flood-prone
zones and critical infrastructure exposure, the research will support risk-informed decision-
making, and the development of adaptive strategies tailored to the region’s hydrological and
socio-economic conditions. The findings will contribute to improving flood resilience through
early warning systems, land-use planning, and targeted infrastructure enhancements, ensuring

that communities are better equipped to withstand future flood events.
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Figure 1: Map of disastrous floods in Algeria (1965-2013) (source:
Boutaghane et al., 2021).

1.2 Problem Statement

Flooding is one of the most frequent and destructive natural hazards, with increasing intensity
due to climate change, rapid urbanization, and unregulated land use. Algiers, like many urban

centers, faces escalating flood risks, driven by population growth and infrastructure expansion



into flood-prone areas. Between 1987 and 2008, the urban population of Algiers grew from 1.6
million to over 4 million and was projected to reach 7 million by 2015 (ONS, 2013; Population
Data, 2020). Over the same period, the urbanized area tripled, significantly altering the region’s

natural drainage systems and increasing flood susceptibility (Ziadi et al., 2023).

The Boudouaou Basin, a key watershed in Algiers, has experienced frequent and severe floods,
causing extensive damage to infrastructure, economic activities, and communities. According
to the Civil Protection Services census, 174 flood events were recorded between 1946 and 2021,
with several causing significant losses (Ziadi et al., 2023). Contributing factors include climate
variability, increasing urban pressure on floodplains, and inadequate flood management
strategies. Despite these challenges, limited research has been conducted on flood risk
assessment in the Boudouaou Basin leaving an essential gap in understanding flood hazards

and vulnerabilities.

To address this gap, this study will assess flood risk in the Boudouaou Basin by identifying
high-risk areas using flood hazard and vulnerability mapping. The research will integrate the
Rainfall-Runoff-Inundation (RRI) model and the Analytic Hierarchy Process (AHP) method to
develop flood risk maps for different scenarios. Furthermore, it will propose targeted flood
mitigation strategies, such as improving drainage systems, implementing retention ponds, and
promoting green infrastructure, to enhance resilience and support informed decision-making in

flood management.

Figure 2: Flooding in Kharouba City (Source: provided by local residents).



Figure 3: Bridge 2 (Br-2) during the flood event (Source: Otmane et al., 2024).

1.3 Objectives

1.3.1 Main Objective

The main objective of this work is to develop a flood risk map of the Boudouaou Wadi

watershed and suggest possible mitigation measures.

1.3.2 Specific objectives
To apply a Rainfall-Runoff Inundation (RRI) model to develop flood hazard maps for different

scenarios, and Flood vulnerability map using Analytical Hierarchy Process (AHP) method.
To develop a flood risk maps within Boudouaou watershed.

Suggest appropriate mitigation measures and actions to reduce the risk in Boudouaou

watershed.

1.4 Research questions

What are the major factors contributing to flooding in the Boudouaou watershed?
What are the areas most affected by floods in the Boudouaou watershed?

What are the possible flood mitigation and adaptation strategies for reducing flood risk in

Boudouaou watershed?

1.5 Justification of the study

Floods are among the most frequent and destructive natural hazards, posing significant threats

to infrastructure, livelihoods, and ecosystems (Aldardasawi & Eren, 2021). In the Boudouaou



Basin, Algiers, rapid urbanization and climate variability have intensified flood risks,

emphasizing the need for comprehensive flood risk assessment and mitigation strategies.

This study provides critical insights by integrating vulnerability mapping using multi-criteria
decision analysis (AHP) with flood hazard modeling through the RRI model to identify high-
risk areas and critical infrastructure. Addressing this knowledge gap enhances flood

preparedness, supports data-driven urban planning, and strengthens disaster risk management.

Moreover, this research aligns with Sustainable Development Goal (SDG) 13: Climate Action,
which calls for urgent adaptation measures to mitigate climate-related risks. By advancing flood
risk assessment and mitigation, this study contributes to climate resilience, informs sustainable
land-use planning, and supports the development of early warning systems and flood protection

measurces.

Ultimately, the findings will provide policymakers, urban planners, and disaster management
authorities with actionable strategies to reduce flood risk and enhance long-term resilience in

the Boudouaou Basin and beyond.
1.6 Scope of the study

1.6.1 Geographical scope

The geographical scope of this research focuses on the Boudouaou watershed, which is a sub-
basin of the large Algiers coastal basin (02a), located in the northern part of Algeria with a total
area of 149.98 km2.

1.6.2 Content scope
The study focused on applying the Rainfall-Runoff-Inundation (RRI) model to simulate and

map flood hazards and employing the Analytical Hierarchy Process (AHP) for detailed
vulnerability assessment based on clearly defined criteria. The integration of these hazard and
vulnerability assessments provides flood risk maps within the Boudouaou watershed and
identifies flood risk zones. Finally, the study proposes targeted flood risk reduction strategies

to reduce the risk in the Boudouaou watershed.

1.7 Thesis Layout

This thesis is divided into six chapters.



Chapter 1 - Introduction: This chapter presents an Introduction, the background context for
the research topic, defines the problem statement, outlines the study objectives and research

questions, explains the significance of the study.

Chapter 2 - Literature Review: A Literature Review organized into eight sections: (1)
Introduction, (2) flood definition, (3) Previous work in Algeria, (4) Flood hazard Assessment,
(5) Flood vulnerability assessment, (6) Flood Risk Assessment, (7) Analytical hierarchy process
(AHP) model, (8) Rainfall-Runoff Models will be discussed in this chapter.

Chapter 3 - Methodology: This will delve into a detailed exploration of the watershed

geographical extent, study Area description, data collection, and software used.

Chapter 4 - Results and discussion: This section will present the results of the research and

discussion.

Chapter 5 - Conclusion and Recommendation: Conclusion and Recommendations will be

discussed in this chapter.

Chapter 6 - References.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Introduction

Floods are among the most harmful natural disasters, and population growth, along with rapid
urbanization, raises flood risks in many areas globally. Almost every nation experiences floods,
but the damage is greatest in developing countries. Flood risk management is therefore crucial
in those areas to assess the potential hazards, mitigate the impacts, and build resilience to future
events. This literature review aims to provide a comprehensive overview of flood research in
the context of the Boudouaou Basin in Algeria to establish a foundation for the study. The
review covers definitions, types, previous research on flood risk assessment and vulnerability,
the Analytical Hierarchy Process (AHP) method, and the Rainfall Runoff Inundation Model
(RRI).

2.2 Flood definition

Floods are common in all parts of the world, and their characteristics and intensity vary from
region to region (Tariq, 2012). The etymology of the word flood goes back to the Old English
word ‘flod’ akin to the German word ‘flut’ and the Dutch word ‘vloed’ which stands for inflow
and float of water (Glago, 2021). In the glossary of the Oxford Reference Dictionary (ORD), a

flood is defined as an overflow or influx of water that exceeds its typical boundaries.

Flooding typically occurs when the volume of water within a water body, such as a river or
lake, exceeds its total capacity, causing some of the water to flow outside the water body's
typical boundaries (Glago, 2021). Furthermore, floods are described as "the overflowing of the
normal boundaries of a stream or other water bodies or the accumulation of water in areas that
are not typically submerged" in the [IPCC SREX report's glossary (Kundzewicz et al., 2013).
Moreover, the article by Chan et al. (2022) defines flooding as an upward condition of water
levels reservoirs, streams, canals, and coastal regions that leads to widespread damage, disrupts
daily life, and increases vulnerability in various aspects such as social, physical, economic, and
environmental factors. In addition, there are certain human activities that lead to aggravation of

flood occurrence frequency and its consequences (Tariq, 2012).

According to WHO (2019), floods, the most common natural disaster, happen when an overflow
of water submerges land that is typically dry. They are often triggered by heavy rainfall, a storm

surge from a tropical cyclone, rapid snowmelt, or a tsunami in coastal areas. Floods can be



categorized into three common types: flash floods, river floods, and coastal floods. However,
flash floods are characterized by their short duration, rapid and intense rainfall that raise water
heights with limited time for response (Magqtan et al., 2022; Helmi & Zohny, 2020). River floods
occur when a river overflows its banks. This typically happens when prolonged rainfall, storm
surges, or seasonal snowmelt drive a river to exceed capacity (Merz et al., 2021). Coastal floods,
on the other hand, are caused by sea level rise or storm surges associated with tropical cyclones

and tsunamis (Koks et al., 2022).

2.3 Previous work in Algeria

The flood research is the first step toward a better understanding of the phenomenon for
improving management. The number of research studies documenting Algeria's floods has
increased recently (Boutaghane et al., 2021). A study conducted by Astite et al. (2015) in Oued
El Harrach (north of Algeria) presents the management of flood risk through the use of
cartography of flood hazard using HECRAS and ArcGIS. It is highlighted that the use of flood
zones as habitats for people was the main causes of loses in this area. Moreover, many
researchers across Algeria have integrated the HECRAS with geospatial data through a
geographic information system (GIS) to create flood risk maps, such as those conducted by
Boulaghmen et al. (2018) in Ghardaia, Abdessamed & Abderrazak (2019) in Ain Sefra, and
Madi et al. (2020) in Bechar.

Over the last few years, studies using the Analytical Hierarchy Process (AHP) have exploded
in Algeria, while there have been very few studies on the RRI (Rainfall Runoff Inundation)
model for assessing and mapping flood hazard. Belazreg et al. (2023) studied the El-Ham
watershed located in the Hodna basin, applying AHP techniques in conjunction with
Geographic Information Systems (GIS) to prepare updated flood risk hazard maps. The study
identified six key criteria influencing flood hazards: slope, drainage density, annual maximum
daily precipitation, elevation, land use/cover, and soil type. The study showed the areas in the
northeastern, northwestern, and central regions of the study site have a high potential for
flooding, which implies that the chosen criteria were adequate for producing reliable flood risk
maps. The authors also noted that incorporating additional parameters through hydrological
models like RRI could provide more detailed insights. In another study, Rebouh et al. (2024)
applied AHP, GIS, remote sensing, and Google Earth Engine to measure flood vulnerability in
Ain Smara and the regions around Constantine. The methodology as developed was able to

capture areas prone to floods, which indicates the effectiveness of using different geospatial
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data sources and analytical techniques in creating comprehensive mapping of flood
susceptibility. The study considered several key criteria influencing flood vulnerability, such as
elevation, topographic wetness index, slope, precipitation, land cover, and land use. The
Topographic Wetness Index was identified as the most significant criterion. A recent study by
Afra et al. (2025) in Algeria adopted the Rainfall-Runoff-Inundation Model to address flood
risk in the Makkera basin. The RRI model demonstrated a strong performance and highlights
its utility for flood risk assessment in arid and semi-arid regions.

2.4 Flood hazard Assessment

The objective of flood hazard assessment is to understand the likelihood that a flood of a
specific intensity will occur over a defined period in specific locations (World Bank, 2016).
Assessing flood hazards is a complex task that involves the use of multiple methods. The
selection of the appropriate method depends on the needs of the study area and the availability
of data (Manandhar, 2023b). By estimating this probability over periods of years to decades,

hazard assessments contribute to supporting risk management activities (World Bank, 2016).

In 2016, Vojtek and Vojtekova conducted a study in Slovakia focusing on assessing flood risks
at a local scale. This study highlights the increased use of GIS and remote sensing to develop
versatile hazard maps for risk and determination of flood risk, which represent a combination
of the model area's vulnerability and flood hazard. Nevertheless, the study employed a 1D
hydraulic model (HEC-RAS), which may not adequately represent the intricacies of unsteady
flows or interactions in regions with complex terrain, despite being useful for steady-flow
analysis. The study conducted by Kvocka et al. (2016) compared two types of flood hazard
assessment, mpirically Derived Methods which use simplified equations to assess flood threats
like those by Ramsbottom et al. (2006), and Physically Based and Experimentally Calibrated
Methods which take into consideration all of the physical forces acting on a human body in
floodwaters, account for rapid fluctuations in the flow regime, typical of extreme flood events,
and enable a swift assessment of flood hazard risk in a short period of time, such as those
proposed by Xia et al. (2014). The 2007 Zelezniki flash flood and the 2010 Kostanjevica na
Krki river flood served as case studies to show that mechanics-based approaches are more
appropriate for extreme events. However, the physical based method is limited by its tendency
to average flow regime values, such as the population's ability to navigate through floodwaters
and the psychological and demographic factors that have a substantial impact on human

stability in floodwaters, such as age, fear, or physical disabilities, which may not fully represent



the actual conditions of the general population. Researchers have increasingly employed multi-
criteria decision-making methods, especially the Analytical Hierarchy Process (AHP)
supported by Geographic Information Systems (GIS), and highlighted its effectiveness to
comprehensively assess flood hazard, such as Seejata et al. (2018), Khoeun et al. (2022), Hagos
et al. (2022), Ghosh (2023), Ahmed et al. (2023), and Aichi et al. (2024). The study by Sayama
et al. (2012) explores the combined use of the Analytical Hierarchy Process (AHP) for the
assessment of flood hazard and rainfall-runoff inundation (RRI) model, which simulates flood

inundation and rainfall runoff concurrently.

2.5 Flood vulnerability assessment

The primary objective of flood vulnerability assessment is providing a better understanding of
flood risk management by identifying vulnerable areas, taking proactive steps to reduce the
impacts of flooding, building resilience to future events, and developing strategies to mitigate

the damage (Schwarz & Kuleshov, 2022; Chan et al., 2022; Nasiri et al., 2016).

According to Chan et al. (2022), different methods were employed to assess the susceptibility,
such as indicator-based method, modelling methods through geographic information systems,
the vulnerability curve method, the mapping method, the analytical hierarchy process, and the
disaster loss data method. Noteworthy studies, including those conducted by Mondal et al.
(2019), An et al. (2022) in Vietnam, and Ayenew & Kebede (2023) in Ethiopia, illustrate the
efficacy of using Geographic Information Systems (GIS) and remote sensing techniques in
assessing flood vulnerability. Hanan et al. (2022) have emphasized the vital role that GIS plays
by providing timely, cost effective, and accurate information that can be utilized for urban
planning and disaster mitigation to reduce the risk of life and property losses. However, several
studies highlight the limitations of conventional flood vulnerability assessments, which often
focus on physical factors and neglect social and economic aspects that are crucial in
comprehensive flood risk assessment (Chan et al., 2022). In addition, another study in Lajeado
and Estrela in the southernmost state of Brazil highlights the strengths and adaptability of
MCDM methods in flood vulnerability assessments (De Brito et al., 2018). For example, the
Analytical hierarchy process was used by Vignesh et al. (2020) in Kanyakumari District, India,
to evaluate flood-prone zones. The study employed the AHP technique to assign weights to ten
critical parameters based on their importance in contributing to flood risk, including rainfall,

drainage density, slope, and land use.
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2.6 Flood risk assessment

Flood risk assessment, a vital step in flood management, involves analyzing the function and
product of vulnerability and hazard to evaluate the potential impacts of flooding on
communities and environments. This information leads to improved policies, decision-making,
flood control, and mitigation and adaptation strategies (Peng et al., 2024; Grigg et al., 2023b;
Sibandze et al., 2024). However, the risk is a measure of the potential losses that can occur due
to the disaster, including loss of life, economic disruption, property damage, and environmental

degradation (Helmi, 2020).

Several studies, including those by Gashaw & Legesse (2011) in Ethiopia, Ali et al. (2016) in
Egypt, and Bhatt et al. (2014) in India, have effectively demonstrated the usefulness of
Geographic Information Systems (GIS) coupled with remote sensing in flood risk management.
On the other hand, the article by Muhammad Ihsan Ullah et al. (2024) highlights the importance
of integrating advanced hydrological modeling methods and geospatial technologies to produce

accurate floodplain maps and assess risks.

Elsebaie et al. 2023, in their study titled “Mapping and Assessment of Flood Risk in the Wadi
Al-Lith Basin, Saudi Arabia,” used Geographic Information Systems (GIS) and a multi-criteria
decision-making method known as the Analytical Hierarchy Process (AHP) to assess and map
flood risk areas. The results revealed that 35.86% of the overall watersheds are potentially
vulnerable to high and very high flood risks and 26.85% to moderate flood risk. The study
highlighted that the GIS-AHP combination applied to risk assessment is valuable particularly
in watersheds that have shortages and scarcity in stream flow gauges and short-interval rainfall
measurements. Another study by Boulaghmen et al. (2018), "Management of flood risk in the
center of Ghardaia city with a geographic information system (SIG) after the flashflood of 1st
October 2008," concentrated on mapping flood-prone areas, using Geographic Information
Systems (GIS) and HEC-RAS hydraulic modeling to optimize decision-making. The study
emphasized how unchecked urbanization, population pressure, and riverbed occupation make
Ghardaia City susceptible to flooding. However, the absence of mitigation and adaptation
strategies to deal with the challenges in Ghardaia city is a notable limitation. Furthermore,
Waghwala & Agnihotri (2019) pointed out that a transition from a low to a high level of

urbanization in Surat City is the main driver for increasing the flood risk.
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2.7 Analytical hierarchy process (AHP) model

The analytic hierarchy process (AHP) is one of the most popular multi-criteria decision-making
(MCDM) methods proposed by Thomas Saaty (Saaty, 1980; Ishizaka & Labib, 2011;
Lipovetsky, 2021b). AHP is a structured method for organizing and addressing complicated
decision-making issues using mathematics (Tavana et al., 2021). This method provides a precise
way for measuring the weights of selection criteria and is a systematic approach to analyze
multiple parameters for structuring, organizing, and evaluating complicated judgments
(Baalousha et al., 2023). One of the main key benefits of AHP is its logic, simplicity of use, and
flexibility, which has been used in almost all the applications related to decision-making, such
as business and management, engineering, computer science, social sciences, or mathematics

(Madzik & Falat, 2022; Vaidya & Kumar, 2006).

Furthermore, the analytical hierarchy process (AHP) has been extensively utilized to analyze
and assess the impacts of flood risk (Mokhtari et al., 2023). According to Siddayao et al. (2014),
numerous studies have employed the AHP supported by some additional techniques such as
GIS and artificial intelligence (Al) to evaluate food risk assessment. Khaddari et al. (2023) have
combined the Analytical Hierarchy Process (AHP) with Fuzzy Logic Modelling (FLM) to
assess flood hazards and identify areas prone to flooding. The study weighed several factors
into the methodology, such as rainfall amount, land use/land cover (LULC), population,
drainage density, distance from the river, elevation, and slope. Moreover, many researchers
across the world have integrated the weights obtained from the AHP analysis with geospatial
data through a geographic information system (GIS) to create flood risk maps, such as those
conducted by Mokhtari et al. (2023) in Algeria, Diriba et al. (2024b) in Ethiopia, Waseem et al.
(2023b) in Pakistan, Radwan et al. (2018) in Saudi Arabia, Aydin & Birincioglu (2022) in
Turkey, Aichi et al. (2024) in Morocco, Ahmed et al. (2023) in India, Almouctar et al. (2024b)
in Niger, and Aydin & Birincioglu (2022b) in Turkey. Additionally, the studies indicated that
GIS-based AHP is a strong tool for analyzing flood risk, producing flood risk maps, and
preparing proper strategies to reduce the vulnerability of hazards (Aydin & Birincioglu, 2022c;
Ahmed et al., 2023).

Although the analytic hierarchy process is a great tool, its methodology that depends on expert
judgment in determining factor weights might introduce subjectivity and bias into the decision-

making process.
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2.8 Rainfall-Runoff Models

As one of the most nature destructive calamities, there has been a continuous effort throughout
human history to understand, evaluate, and predict flood events and their effects (Teng et al.,
2017b; Kumar et al., 2023). To achieve this goal, systematic efforts within the research
community have greatly developed the capability of flood inundation modeling since the 1970s.
Flood inundation models are a crucial tool to understand the hydrodynamics of flood events
and evaluate and analyze risk (Willis et al., 2019). According to Moradkhani & Sorooshian
(2008), all rainfall runoff models are simplified representations of real-world systems. A
rainfall-runoff model (also referred to as a hydrologic model) is a mathematical representation
of the hydrological processes that describe the relationship between rainfall and runoff in a
watershed, drainage basin, or catchment area (Trivedi et al., 2018). Planning and developing
water structures, predicting floods, assessing water availability, forecasting the effects of
climate and land use changes on water, and estimating flow from ungauged catchments are just
a few of the many applications for hydrological models (Deb & Kiem, 2020). Rainfall-runoff
models are generally classified into conceptual models (parametric models), empirical models

(metric models) and physical process-based models (Jehanzaib et al., 2022).

Table 1: Comparison of the basic structure for rainfall-runoff models (Sitterson et al., 2018;

Jehanzaib et al., 2022).

Empirical Conceptual Physical
Strengths 1. Small number of 1. Easy to calibrate, 1. Incorporates
parameters needed. simple model spatial
2. Limited data structure. and temporal
requirement. 2. Calibrate with variability, very fine
3. Can be used in limited data. scale.
Ungauged 3. Need less 2. Valid for wide
catchments. computation. range of situations.
Weaknesses 1. No connection 1. Does not consider 1. Suffer from scale

between physical
catchment, input
data distortion, or

Black box.

spatial variability
within catchment.
2. Not recommended

for large catchments.

related problems.
2. Large number of
parameters and
calibration needed;

site specific.




2. High computation

cost and time.

Models SCS-CN, HBYV, GR2M, TOPMODEL,
ANN, UH ABCD, TANK, SWMM,
GR4J, SM HEC-HMS,
WATFLOOD

Noteworthy studies, such as those conducted by Bekhira et al. (2019) in Algeria, Jha and Afreen
(2020) in the USA, Ongdas et al. (2020) in Kazakhstan, Talukdar et al. (2021) in India, Edamo
et al. (2022) in Ethiopia, and Ibrahim et al. (2023) in Somalia, have applied the rainfall-runoff
models to estimate inundation. A study by Namara et al, (2021) used the HEC-RAS model to
create a flood inundation map of the Awash Bello floodplain in the Upper Awash River basin,
and they realized that the whole floodplain is under the influence of flood inundation due to the
intensive rainfall event. Another study in Ethiopia applied the ANN and HEC-RAS model for
flood inundation mapping, and they successfully improved the accuracy of prediction and flood

inundation in lower Baro Akobo River Basin (Tamiru & Dinka, 2021b).

Notably, in Algeria, researchers have been utilizing various models to assess flood risk, such as
the HECRAS and HECHMS models. However, very few studies have employed the rainfall-
runoff model (RRI). Among the multiple hydrologic models, the RRI model has been chosen

to assess flood risk in the Boudouaou watershed and understand flood dynamics.

The Rainfall-Runoff-Inundation model is a two-dimensional model that can simulate flood
inundation and rainfall-runoft simultaneously (Sayama et al., 2012). The RRI model considers
rainfall-runoff and river flow in the rivers and their interaction, showing overtopping flooding
(Sayama et al., 2019). In addition, the RRI model has been developed and used to assess river
discharges and flood inundation depths in flood-prone areas (Phyoe & Uchida, 2024b). This
model was created by the International Centre for Water Hazard and Risk Management
(ICHARM) and developed by Dr. Takahiro Sayama. The 2011 Thailand Flood along the Chao
Phraya River had a significant impact through the development of this model. Unlike numerous
other flood inundation models, the use of the RRI model is not confined to floodplains. It is

applicable to an entire river basin (Sayama et al., 2015).

Several studies have applied the rainfall-runoff-inundation (RRI) model to estimate inundation.

Siddiqui et al. (2018) used the RRI model to simulate the 2014 major flood event in the two
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eastern, transboundary rivers, the Jhelum and Chenab, in Punjab, Pakistan. The purpose of the
research was to identify flood-affected areas using simulated inundation and offer helpful data
for emergency response and early warning systems. The model identified the significantly
inundated areas along the river, and the simulated and real inundation extents were in good
agreement. Moreover, as flash floods are short-lived (less than 24 hours), satellite data was
unable to identify the flood-affected area, but the model was able to predict it. Another study in
The Bago River has applied the RRI model to assess its applicability for a flat river basin in a
data-scarce region and check the accuracy of the modeled inundation maps created for these
areas by comparing them with some satellite-based data. The simulated hydrographs
demonstrated good results in representing flooding events, and the simulated and measured
discharge hydrographs showed good agreement. Additionally, the repeatability of the created
inundation maps was satisfactory. Therefore, this study concluded that the RRI model might be
suitable for flat river basins like the Bago River basin (Bhagabati & Kawasaki, 2017).
Furthermore, Try et al. (2020) evaluated the RRI model by using various gridded precipitation
datasets of the whole Mekong River Basin. Thus, APHRODITE, GPCC, and TRMM
precipitation datasets were considered suitable for rainfall-runoff and flood inundation
modeling. The study also demonstrated the strong performance of the RRI model in the Mekong
River Basin. Another study in Cambodia employed the RRI model to identify the flood-prone
areas by calculating flood inundation depth and duration. This study aimed to establish
mitigation strategies to reduce the risk of flood damage on rice crops in the future in the Stung
Sen River Basin (Chung et al., 2019). They confirmed the accuracy of the model by comparing
the simulated food inundation areas with food maps generated from satellite imagery. To
prevent and mitigate flood damage in the upper Citarum River watershed in Indonesia, Nastiti
et al. (2018) used multiple satellite-derived datasets as input data for the RRI model for
calibration and verification. The results of this study show that the model effectively identified
inundation areas using these datasets compared with the inundation map obtained from JICA

and Landsat 7 images.
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CHAPTER THREE: METHODOLOGY

3.1 Definition

This study was conducted in the entire Boudouaou watershed located in the northern part of
Algeria. In this section, we will provide insights into the elements that characterize the
catchment, data collected, software used, and each subsection contribute to a holistic
understanding of the watershed and serve as a foundation for detailed analyses of flood risk

management.
3.2 Study area

3.2.1 Geographical Location

The Boudouaou watershed is a sub-basin of the large Algiers coastal basin (02a), located in the
northern part of Algeria between the northern latitudes of 36°55” and 36°77’ and the eastern
longitudes of 3°37° and 3°49’. This watershed extends from South to North with an outlet at
location coordinates 36.770, 3.420. The main thalweg of Wadi Boudouaou has a total length of
36.34 km.
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Figure 4: Location of the study area.

16



3.2.2 Topographical and hydrological characteristics

Wadi Boudouaou takes its origin in the heights of the Blidian Atlas, sitting at around 1033 m
above sea level, and flows into the northern part of the Boudouaou El Bahri town in the east of
Boumerdes before finally discharging into the Mediterranean Sea. The study area's climate is
classified as semiarid, where the annual rainfall does not exceed 700 mm. Thus, a local climate
can be classified as either a drier, relatively hot lowland climate that experiences significant
temperature fluctuations or a rainy, cold mountain climate with relatively low thermal

amplitude (Otmane et al., 2024).
3.2.3 Geometric characteristics
3.2.3.1 Area and perimeter of the basin

By employing ArcGIS 10.8 software, the tool "Calculate Geometry" and Digital Elevation
Model (DEM) data were used to determine the basin's area and perimeter. The controlled area

of the Wadi Boudouaou Basin is 149.98 km? and a perimeter of 76.89 km.

3.2.3.2 Shape characteristics

a) Gravilius’s compactness index (Kc)

The hydrologists used the Gravilius’s compactness index (developed by Gravelius in 1914) to

characterize the watershed shape (Hassani et al., 2021).

) o
Kc=0.28— G-

VA

Where: Kc: Compactness index of Gravelius; P: perimeter of the watershed (km); A: watershed

surface (km?).

Kc=0.28—220__ 175 (3-2)
c=0.28——===1.

V149.98
Kc=1.75 (>1) indicates an elongated shape for the Wadi Boudouaou Basin. Additionally, based
on the obtained compactness index that exceeds 1.12, the basin can be represented by an

equivalent rectangle for a simplified geometric representation.
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b) Equivalent rectangle

This is a purely geometric transformation of the watershed into a rectangle to enable the
comparison of watersheds from a hydrological perspective (Boulaghmen et al., 2018). The

equivalent rectangle is described by its length "L" and width "W," which are determined by the

(3.3)
VA 1.12\2
L= Ke 1.12[1+1’1_( Kc)

following formulas:

= Length (L)

L=33.8Km
= Width (W)
VA 1.12\2 S
W=Kei1z|1~ 1_< Kc)
W=4.43 Km

Where: L: Length of equivalent rectangle (km); W: Width of equivalent rectangle (km); A: Area

of basin (km?); Kc: Compactness index of Gravelius.
3.2.4 Relief characteristics

Relief characteristics are fundamental morphological features of watersheds. Key relief
parameters, including elevation and slope, affect hydrological processes such as precipitation
distribution, infiltration rates, runoff velocity, and discharge across the catchment landscape
(Rai et al., 2017). For instance, steeper slopes facilitate rapid surface runoff, whereas gentle

slopes permit more infiltration.

3.2.4.1 Basin elevation

Based on the map (Figure 11.6), which represents the distribution of elevations across the
Boudouaou watershed, it indicates that the basin encompasses approximately 1033 m of relief
(the altitude difference between the highest and lowest points). It clearly highlights
mountainous terrain in the upstream, which is characterized by a steep relief and very low to

moderate relief in the downstream part of the watershed.
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Figure 5: Elevation distribution map of the Wadi Khemis Basin.
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Figure 6: Elevation distribution map of the Wadi Khemis Basin.
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3.2.4.2 Slope
Terrain plays an important role, as it largely controls the ability of land to run off.

3) Global Slope Index (Ig)

On the hypersonic curve already drawn, points are taken such that the upper or lower surface is

equal to 5% of the total surface (Boulaghmen et al., 2018).

_ (Hsy, — Hosyy) (3.5)
& L
Where: Ig: Global slope index (m/km); H5%: Elevation exceeded by 5% of basin area (m);

I

H95%: Elevation exceeded by 95% of basin area (m); L: Length of equivalent rectangle (km)
Ig= 0.0225 m/km (2.25%)

Based on the ORSTOM classification (Table 3.4), the computed global slope index of Ig =
0.0225 for the Wadi Boudouaou Basin falls within the range of 0.02 < Ig < 0.05 indicative of

strong enough relief.

Table 2: Classification of relief according to (Ig) given by ORSTOM (Source: Msatef et al.,

2018).
Relief Value of Ig
Very low relief [,<0.002
low relief 0.002 <Iz<0.005
Rather weak relief 0.005<I¢<0.01
Moderate relief 0.01<Ig<0.02

Strong enough relief  0.02<[,<0.05
Strong relief 0.05<I¢<0.5

Very strong relief 0.5<Iy

b) Slope distribution

The analysis of the slope distribution map depicted in Figure 3.7 elucidates a significant spatial
variation in the slope gradient across the Boudouaou watershed. The upstream, characterized
by a relatively steep slope, increases the speed at which floods propagate and results in a short
time concentration. However, as we move from the upstream to the downstream sub-basin, the
slope gradient exhibits a marked decrease and becomes gentler, which means a slow time of

concentration.
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Figure 7: Slope distribution map of the Wadi Boudouaou Basin.

Table 3: Physical characteristics of Boudouaou Watershed.

Parameters

Controlled area

Perimeter

Length of the Principal Channel

Gravilius’s compactness index

Drainage density

Global Slope Index

Equivalent rectangle Length
Width

Characteristic altitudes Maximum

Minimum

3.3 Data collection

Symbol Values Unit

A
P

149.98 km?
76.89 km
36.34 km

1.75 -

1,41 Km/km?
2.25 %

33.8 km
4.43 km
1033 m

0 m

Various datasets collected from various sources were needed, as shown in Table 3- 1 below.
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Table 4: Data Type and source.

Tye of data | Range Source of the data Description

Observed = 1971-2019 National Agency for Water | Precipitation

rainfall = 1975-2019 Resources (ANRH), Algiers. | (mm)

data (Daily) = 1985-2013

River = 1973-2009 National Agency for Water | Stream flow

discharge = 1983/2007 Resources (ANRH), Algiers. | discharge (m3 /s)

data (Daily)

Digital https://earthexplorer.usgs.gov/

Elevation

Model

(DEM)

Land wuse/ | 2023 Esri | Sentinel-2 Land Cover | Imagery of

Land cover Explorer LULC,
reclassified  for
the year 2023.
Resolution: 10m

3.3.1 Rainfall data

The acquisition of meteorological data is fundamental for conducting flood hazard analysis
within the Wadi Boudouaou Basin. Daily precipitation data used in this study were obtained
from the hydrometeorological database maintained by the National Agency for Water

Resources (ANRH).
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Table 5: Rainfall stations in the Boudouaou basin.

Station | Latitude | Longitude | Start End date | Missing | Name of the
code date data stations
(“o)
A | 020632 | 557.8 382.25 1/1/1971 | 31/12/2019 | 0.0 REGHAIA
B | 020646 | 564.35 372.25 1/1/1975 | 31/12/2019 | 2.7 KEDDARA
DAM
C 020647 | 569.15 384.4 1/1/1985 | 31/12/2014 | 13.4 BOUMERDES
3.3.2 Discharge data

Daily streamflow measurements encompassing the 1973-2009 and the 1983-2007 periods
(expressed in cubic meters per second, m?/s) for the Ouled-Ali and Pont D-9 gauging stations,
respectively. The data were sourced from the National Water Resources Agency (ANRH). The
table below describes the hydrological data utilized in this study.

Table 6: Discharge stations in the Boudouaou basin.

SN | Sation Latitude | Longitude | Start End date Missing | Name of
code date data the station
(%)
A | 020627 371.55 552.85 1/1/1973 | 31/12/2009 | 5.56 OULED-
ALI
B | 020629 373.02 556.29 1/1/1983 | 31/12/2007 | 12.00 PONT D-9

3.3.3 Remote Sensing Data
3.3.3.1 Digital Elevation Model (DEM)

A 30 m resolution digital elevation model (DEM) was obtained from the United States

Geological Survey (USGS) website (https://earthexplorer.usgs.gov/), which is sufficient to

capture the terrain features and floodplain details of the study area. The data was then processed

in the ArcGIS environment, wherein its projection was WGS 1984 UTM_Zone 31N. Flow
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accumulation and flow direction maps, two input datasets for the rainfall-runoff inundation

(RRI) model, were derived to support hydrological modeling.

3.3.3.2 Land use/cover

The study obtained a classified land use land cover (LULC) map for Algeria 2023, with a
resolution of 10 meters, from the Esri Sentinel-2 Land Cover
(https://livingatlas.arcgis.com/landcover/). The data includes categories such as urban areas,
agricultural land, forests, and water bodies, which are essential for modeling surface runoff.
The subsequent step involved extracting the Boudouaou watershed from the dataset and
reprojecting it to the WGS 1984 UTM Zone 31N coordinate system. The distribution of land
cover in the Wadi Boudouaou Basin, as depicted in Figure 3.5, encompassed a diverse landscape
of various land cover types. The upstream part of the watershed reveals a dominant presence of
tree cover and rangeland, while the downstream sub-basin characterizes a high percentage of

built area and cropland.
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Figure 8: Land use/cover distribution within the Wadi Boudouaou Basin in 2023 derived

from the 2023 Esri Sentinel-2 Land Cover.
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3.4 Software required for the processing of data
3.4.1 ArcGIS

ArcGIS Desktop 10.8 was used for the preprocessing and analysis of spatial data, including
DEM and land use data into formats readable by the Rainfall Runoff Inundation (RRI) Model.

3.4.2 Rainfall-Runoff Inundation Model

RRI 1 4 2 7 was the primary tool for simulating rainfall-runoff processes and flood
inundation. The Command User Interface (CUI) and Graphical User Interface (GUI) are the

two interfaces available for this concept. The CUI interface was used in this study.

The RRI model has advanced significantly during the last ten years, leading to a sizable body
of academic literature. The RRI model is an advanced two-dimensional hydrological and
inundation model that was created by the International Center for Water Hazard and Risk
Management (ICHARM) with assistance from UNESCO (Afra et al., 2025). Fig. 1 shows the
schematic diagram of the RRI model.
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Figure 9: Schematic diagram of the rainfall-runoff-inundation (RRI) model.

Three groups of working stages make up the schematic diagram of the operational RRI model
shown in Figure 1. Data or information from the target watershed is entered in the first step.
Along with the methods or equations used to simulate water flow in the watershed, the second
stage is the simulation stage. The extraction of output data, including discharge data, water
level, and inundation area, from the simulation results procedure is the final step (Ikhwali et al.,

2023).
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Assuming that the river channel and slope are located within the same grid cell, the RRI model
treats slopes and river channels as separate entities, thereby enhancing accuracy in complex
topographical settings (Sayma, 2014). The one-dimensional diffusive wave model is used to
mimic channel flow, while the two-dimensional diffusive wave model is used to simulate runoff
on the slope (Afra et al., 2025). The model simulation considers lateral subsurface flow, vertical
infiltration flow, and surface flow for better representation of real rainfall-runoff-inundation

processes (Try et al., 2018). The model uses the mass balance expression below:

oh dq, 9q,

4 4 (3.6)
at Jdx ady

r—f

where h [L] is the height of water from the local surface; qx and qy are the unit-width discharges

in the x and y directions, respectively; and f represents the infiltration rate.

River grid cells are modeled using a one-dimensional diffusive wave approach. It is assumed
that the geometry is rectangular, with width W, depth D, and embankment height (He) is
defining its shapes (Nastiti et el., 2018). The following power equations are used to approximate

the river's width [W (m)] and depth [D (m)]:

D = CpA°P 3.7
W = CyASw (3.8)
CD and SD are the geometry parameters for the river depth power equation, CW and SW are

the geometry parameters for the river width power equation, and A is the watershed area (km?2).

3.4.2.1 RRI Model Input

The RRI model operates on the integration of hydrological and hydraulic processes, relying
heavily on the quality and comprehensiveness of its input data to ensure precise simulations. In
general, the set of data used in the RRI model can be described by several components that vary
and influence the success of the model in the identification of the trends in floods (Sayama et

al., 2012).
a. Preparation of input rainfall data

Rainfall is the most important input data for the RRI model (Try et al., 2018). For this study,
daily rainfall data were obtained for the simulation period and prepared in an Excel sheet in the
format below. A rainfall input file needs to be saved in the csv format. Excel or a text editor can

prepare the file (saved as CSV).
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The date and time are listed in the first column of the file (L4-). At the moment, the time and
date must be entered as "yyyy/mm/dd h:mm." A rainfall input file needs to be saved in the CSV

format. Excel or a text editor can prepare the file (saved as CSV).
b. Preparation of topographic data

Digital Elevation Model (DEM), flow direction (DIR) and flow accumulation (ACC) were the
topography input for RRI Model. Using ArcGIS, a Digital Elevation Model (DEM) downloaded
from the USGS can be processed to derive valuable hydrological information. Initially, a DEM
is usually filled to eliminate fictitious sinks or depression-less areas that disrupt flow. Following
that, the Flow Direction tool is employed to determine the water flow from each cell to the
steepest downslope neighbor. From this step, a flow direction raster is created where every cell
is assigned a value representing the direction of flow. Subsequently, the flow accumulation tool
employs the flow direction raster to compute the accumulated flow for each cell. Noted that the
RRI model does not use flow direction and accumulation for flood routing because the flow
direction varies based on local hydraulic gradients. Instead, it uses these factors only to
determine the locations of river channels. The DEM, flow accumulation, and flow direction
(Figure 3-6) were then extracted using the watershed raster. The files were transformed into the
ASCII format that the RRI model could read, with comparable numbers of rows, columns, and

cell sizes.
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Figure 10: Topographical characteristics of the Nan River Basin. (a) Topography; (b) Flow

direction; and (c¢) Flow accumulation.

The river cross-section was confirmed to be the sensitive parameter for the RRI model. As the
reliable surveyed data for the river cross-section could not be obtained, the following

regression was used (Nastiti et al., 2015):

Width (m) = 54935 (3.9)
Depth (m) = 0.954°2 (3.10)

where A (km?) implies the area upstream that contributed to flow.
c. Preparation of the land use/land cover map

land use land cover (LULC) map for Algeria 2023 from the Esri Sentinel-2 Land Cover was
imported into the Geographic Information System (GIS) environment as a shapefile.
Considering the dataset's extensive coverage, I first extracted a rectangular area encompassing
my watershed to reduce processing time and data volume. This extraction of land cover data
also needed to ensure that it had the same resolution, cell size, and other spatial properties as
the Digital Elevation Model, flow accumulation, and flow direction rasters. using my defined
watershed boundary polygon and a geoprocessing tool to precisely extract the land use data

specific to my watershed. The resulting raster file was then converted to an ASCII format. The
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original land use/land cover map consisted of seven land classes, namely, built area, crops, trees,

bare area, rangeland, water and snow/ice.
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Figure 11: Percentage of land use/land cover types within Wadi Boudouaou watershed.

3.4.2.2 Model simulation

The Rainfall-Runoff-Inundation (RRI) model is widely used for flood simulation, integrating
rainfall-runoff processes and inundation dynamics within a single framework. Flood risk

assessment relies on a variety of modeling approaches, each with distinct strengths and
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limitations. In order to simulate stormwater runoff and the flood inundation process during
intense storm events, a study conducted by Liu et al. (2015) develops an efficient and flexible
cellular automaton (CA) model. This model included transition rules based on water supply and
demand and considered a variety of metropolitan settings. According to Gholami and Khaleghi
(2022), the ANNs empirical model shows effectiveness in predicting rainfall-runoff under
conditions of limited data availability. However, their reliance on historical data and limited
representation of physical processes can be a constraint. The requirements for large
computational power in physically based distributed models lead to stronger simulation
capabilities of complete hydrological procedures. While models like the WEB-RRI (Rasmy et
al., 2019) integrate water and energy budgets for improved process representation, they can be

computationally demanding.

This study utilizes the two-dimensional Rainfall-Runoff-Inundation (RRI) model due to its
balance between the ability to simulate flood inundation and rainfall-runoff simultaneously and
its balance between computational efficiency that provides essential spatial data needed for
hazard assessment (Sayama et al., 2012). Within its grid-based operation, the model calculates
both slope flow and channel flow, thus producing more realistic flood propagation results. The
RRI model requires key hydrological data, including rainfall, digital elevation models (DEMs),
and land use. The cross-sectional geometry, river channel calibration, and validation are
typically performed using observed discharge data to ensure accuracy. The model's simulation
approach included the following steps: data processing, model simulation, model calibration,

area inundation and streamflow validation, and flood hazard mapping.

3.4.2.3 Model calibration and validation

Calibration is the process of fine-tuning a model by improving the hydrometeorological data
input and optimizing the model parameters through changes to the boundary conditions and
model structures (San et al., 2020). Optimization of the parameter value is performed manually
and checked qualitatively. The calibration’s goal is to adjust some model parameters in order to
reduce the discrepancy between the simulated and observed discharge. This study involves
adjusting model parameters, such as Manning's roughness coefficient (representing flow
resistance), infiltration parameters, soil properties (influencing water storage and flow), and
channel geometry (defining river shape and dimensions), to achieve the best match between
simulated results and observed data. Model validation is the process of testing the model’s

ability to simulate the observed data within acceptable accuracy. The calibrated model
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parameter values are kept constant during this procedure. Calibration and validation of the RRI
model was done by adjusting the Manning’s roughness and depth of the soil and infiltration

parameters (estimated from Green-Ampt infiltration parameters).

In this study, the accuracy between the simulated and observed runoff during both the
calibration and validation stages was evaluated using the Nash—Sutcliffe coefficient efficiency

(ENS) and coefficient of determination (R?):

Z?:l(Qobs - Qsim)2 (311)

NSE =1 — ——
Z?=1(Q0bs - Qﬂm)2

Where:

Qobs,i = observed runoff at time step i
Qsim,i = simulated runoff at time step i
0 ops — Mean of observed runoff

n = total number of observations

2?:1(Qobs - m)(Qsim - m))z (3'12)
Z?:l(Qobs - %)Z ?zl(Qsim - E)Z

R? =

Where:

Q,;,,= mean of simulated runoff

3.5 Flood Hazard mapping

Flood hazard mapping involves multiple steps, from data collection and preparation, through
model calibration and validation, to the simulation of rainfall-runoff processes and flood
inundation. The final output is a flood hazard map classifying areas into low, medium, and high

hazard zones based on flood depth.

3.6 Flood Vulnerability mapping

Several physical vulnerability characteristics were used in this study to apply the flood-causing
elements that were taken into consideration when creating the vulnerability map for the current
scenario. The social and economic parameters were excluded due to the lack of data. The
variables need to be converted into standard units and incorporated into a spatial database prior
to gathering the criterion maps in a GIS environment. This is due to the fact that they are

depicted using disparate dimensional scales. A linear fuzzy set membership function was used
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to standardize the vulnerability model's criteria, where; vulnerability varies linearly from 0 (no
vulnerability) to 1 (total vulnerability) (Mourato et al., 2023). The resulting vulnerability maps
were ranked using five equally divided categories: very low, low, moderate, high, and very high.
The classification is based on the literature. The methodology can be broken down into the

following four sections (Tempa., 2022):

1. Identify the main goal (weighting to FV indicators according to the level of hazard and
impact).

2. Formulate criteria (physical/economic, social and environmental).

3. Priorities sub-criteria by AHP pair-wise comparison (population, land use, rainfall)

4. aggregate weighting of the criteria according to the very high, high, medium, low, and

very low vulnerability scales.

3.7 Analytical Hierarchical Process (AHP) method

Selecting the decision criteria is the first step in the AHP. The alternatives are then evaluated
based on the selected criteria (Tavana et al., 2021). In order to determine the weights of the
parameters taken into consideration, this study used three important steps: creating a pairwise

comparison matrix, normalizing the pairwise comparison matrix, and calculating consistency.

3.7.1 Pairwise comparison matrix

The evaluation spectrum spans from one to nine, indicating that a score of one signifies the two
components are identical or have the same level of significance. Conversely, a score of nine
suggests that one component is vastly more significant than its counterpart in a two-element

matrix (e.g., how much more important one criterion is than another) (Seejata et al., 2018).

Table 7: Scores for the importance of variable.

Importance Scale | Definition of Importance Scale

Equally Important Preferred

Equally to Moderately Important Preferred

Moderately Important Preferred

Moderately to Strongly Important Preferred

Strongly Important Preferred

Strongly to Very Strongly Important Preferred

N N | R W N -

Very Strongly Important Preferred
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8 Very Strongly to Extremely Important Preferred

9 Extremely Important Preferred

The matrix elements can be represented as follows:

aq1 a2 - An (313)
— _la a . a
A= [ay] =321 F2z - o
dp1 4dp2 . App

Where; A represent the decision matrix, aij are comparisons between elements i and j for all i,

j€{l,2,,n}.

In Analytic Hierarchy Process-based flood risk assessment, the pairwise comparison matrix
helps determine the relative importance of different factors contributing to flooding and assigns
numerical values to represent their relative importance. A matrix-based analysis determines the
weight values for individual factors that influence flood risk assessment outcomes. The
parametrization of this study was done based on previous literature from similar studies carried

out.

With the use of AHP, we are able to obtain a relative significance of the relevant factors after
pairwise-comparison matrix have been constructed. The weights of each parameter are defined

after they are ranked according to their relative importance.

3.7.2. Normalized pairwise comparison matrix.

The elements in each column are divided by the sum of the items in that same column to
standardize the matrix for weighing each criterion. The new matrix's rows average establishes
the necessary relative weights for each criterion (Prieto-Amparan et al., 2021). After a given
number of pairwise comparisons are made, some discrepancies could appear. The consistency
ratio (CR), a metric used to assess the consistency of the weights, is part of the AHP. The

consistency index (CI) must be determined first in order to compute the CR (Equation (3.13)):

Consistency Index (CI) = TT o

Where: Amax represents the eigenvalue of the pairwise comparison matrix, n denotes the number

of the criteria.
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3.7.3. Consistency

The consistency ratio CR) defines the probability that the matrix scores are randomly generated
(Mourato et al., 2023). In the next step, in order to validate the AHP results, the CR is calculated
to completely measure the consistency in the pairwise comparison using the following formula

(Taherdoost, 2017b):

_c (3.15)
" RI

Where CR= Cl=consistency index, consistency ratio, and RI= random index varies according

CR

to the number of factors used in the pairwise matrix.

The value of Random consistency index (RI) is associated to the dimension of the matrix and

will be extracted from Table 3.

Table 8: The value of Random Consistency Index.

Dimensions RI

1 0

0
0.5799
0.8921
1.1159
1.2358
1.3322
1.3952
1.4537
1.4882

O 0 Q| O] | K~ Wl DN

[a—
(e

The appropriate CR value must be 0.10 or less (CR < 0.10) in order to avoid inconsistency and
to get meaningful results. The pairwise comparison matrices must be revised if they display a

consistency value greater than 0.10 (Tavana et al., 2021; Prieto-Amparan et al., 2021).

3.8 Flood Risk Map

To develop the flood risk map for the Boudouaou basin, a multiplicative approach will be
applied based on the Kron Equation, where flood risk is calculated as the product of flood

vulnerability and flood hazard:

34



Flood Risk = Flood Hazard X Flood Vulnerability (3.16)

The flood hazard ASCII files generated for the 5-year, 10-year, 25-year, and 100-year return
periods were brought into the GIS environment through an ASCII to raster conversion tool. An
ASCII to raster conversion program was used to import the flood hazard ASCII files created
for the 5-year, 10-year, 25-year, and 100-year return periods into the GIS environment. To match
the resolution of the flood vulnerability map, these maps were then resampled. Second, the
hazard vector layer was categorized into several categories with different inundation depth
ranges (Abdrabo et al., 2020). The final flood risk map will be obtained by multiplying the flood
hazard and vulnerability layers, producing a spatial representation of flood risk categorized into
different levels (very low to very high). The findings will illustrate how flood risk varies under

various rainfall conditions, supporting the development of effective flood mitigation strategies.

3.9 Proposed mitigation strategies

The flood risk assessment results will lead to identifying proposed strategies for minimizing
flood impacts. These include structural measures such as flood protection infrastructure,
improved drainage systems, and modifications of river channels, and non-structural measures

such as land-use planning, early-warning systems, and community awareness programs.
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RESULTS AND DISCUSSIONS



CHAPTER FOUR: RESULTS AND DISCUSSIONS
Part 01: Flood vulnerability assessment using AHP method
4.1.1 Introduction

Flood vulnerability assessment is a critical component of flood risk management, enabling the
identification of areas most susceptible to flooding. This study applied the integrated AHP—GIS
analysis, which consists of four phases. Initially, seven flood hazard parameters were identified
and subsequently processed using GIS (elevation, slope, rainfall, TWI, distance from river, and
drainage density), followed by the construction of a pairwise comparison matrix to determine
the relative importance of each factor. Previous studies on floods play an important role in
forming these factors. extracting insights from existing literature and similar studies. Second,
AHP was used to weigh the parameters. Third, a consistency check was done by checking the
consistency ratio (CR) to ensure the logical consistency of the weight assignments. Finally, the

flash flood hazard map of the Boudouaou watershed was developed.

Flood vulnerability assessment

Identify key criteria

Pairwise comparison

Calculating weights

Check consistency ratio

Revise comparison

Generating flood vulnerability map

Figure 12: Flowchart of Flood Vulnerability Assessment Using Analytical
Hierarchy Process (AHP).
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4.1.2 Flood vulnerability assessment

Vulnerability is controlled and influenced by various physical and natural factors. These factors
have been identified as the criteria for this analysis. Vulnerability is shaped and regulated by
various physical and natural factors. In this research, five criteria related to physical
vulnerability (Elevation, slope, land use, rainfall, drainage density, distance from the river, and

Topographic Wetness Index) were selected for vulnerability assessment.

4.1.2.1 Defined the criteria:

1. Land use:

Landcover has an important impact on the ability of the soil to act as a water store. It has a
direct or indirect effect on the rates of infiltration, evapotranspiration, and the generation of
surface runoff. The presence of dense vegetation cover significantly impedes the movement of
water and reduces the amount of runoff. Conversely, surfaces that are impermeable, such as
concrete, absorb almost no water at all. Roads, houses, and slum areas are examples of land use
that reduces the soil's ability to penetrate and increases water runoff. It is crucial to consider the
transformations of the land over time, as well as the influences of natural forces and human
activities. These practices are recognized as contributing factors to the occurrence of
catastrophic natural hazards. This indicates that land use and land cover are vital elements in

assessing the likelihood of flooding (Ouma & Tateishi, 2014; Sharir et al., 2022).
2. Elevation

In the domain of flood mapping, the experts believe that the elevation of a region is the
primary factor that controls the flood hazard (Sharir et al., 2022). Elevation plays a crucial
role in determining flood vulnerability, with lower-lying areas generally being more
vulnerable to floods, particularly in coastal locations. Higher elevation regions, on the other
hand, are often less vulnerable to flooding; however, they may encounter different risks,
such as landslides, particularly if the landscape is steep and unstable (Koroma et al., 2024).
In this study, the map classifies the terrain into five elevation categories: very low, low,
moderate, high, and very high. It clearly highlights mountainous terrain in the upstream,
which is characterized by steep relief and very low to moderate relief in the downstream
part of the watershed. In this study, a higher weighted value was assigned to lower elevation
compared to higher elevation. The map classifies the terrain into five elevation categories:

very low, low, moderate, high, and very high.
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3. Slope:

The accumulation of water at any location is intricately connected to the surface slope, as the
slope has a direct impact on the surface water runoff (Rebouh et al., 2024). Floods are typically
more likely to occur in flat areas connected to lower slopes. Naturally, lower slopes are
categorized as having the greatest level of risk, making them more vulnerable to flood-related
threats (Seejata et al., 2018; Kazakis et al., 2015; Vignesh et al., 2020). In this research, the
digital elevation model (DEM) and slope generation tools available in ArcGIS software were
utilized to produce the slope map. Slope classes with lower values were given a higher rank due
to the nearly flat nature of the terrain, while the class with the highest value was assigned a
lower rank because of its comparatively high runoff. The slope map was grouped into five

classes.
4. Drainage Density:

According to Hammami et al. (2019), drainage density, representing the total length of rivers
within a specified area (Km/km?), serves as a crucial component of flood control methods.
Areas with a high drainage density are more susceptible to flooding than those with a lower
drainage density (Sharir et al., 2022). In this study, the drainage density map was generated
from the DEM and processed using ArcGIS 10.8 with the Spatial Analyst Tool. the drainage
density layer was further reclassified in five levels of susceptibility to flooding. The
classifications for these levels included very low, low, moderate, high, and very high, indicating

that an increase in drainage density is associated with a greater vulnerability to flooding.
5. Distance from the River

The distance to the main river system is generally associated with the elements that cause river
flooding (Rebouh et al., 2024). River overflows are crucial for the initiation of a flood event.
Typically, the flooding originates from riverbeds and expands into the surrounding areas
(Kazakis et al., 2015). Several studies have observed that locations nearer to drainage systems
are more vulnerable to flooding. However, Areas further from the drainage system are typically
less prone to flooding. Kazakis et al. (2015) demonstrated that areas located within 200 meters
of the river network are extremely vulnerable to flooding, while the impact of this parameter
diminishes at distances greater than 2000 meters. Another study by Das (2019a), highlight that
areas within 500 meters of the drainage line are most vulnerable to flooding. This analysis
categorized the area into five vulnerability classes based on the proximity to rivers: very high,

high, moderate, low, and very low.
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6. Rainfall:

According to Hammami et al. (2019), rainfall is one of the key climate factors directly
influencing flood susceptibility. The risk of flooding increases with the amount of rainfall in a
particular area (Marengo et al., 2021). Areas with higher rainfall are more vulnerable to
flooding, while those with lower rainfall are less susceptible. The relationship between rainfall
and floods is complex and depends on several parameters, including rainfall intensity, duration,
and spatial distribution, as well as catchment area characteristics. Heavy rainfall typically
increases the amount of water in rivers and streams, which can create flooding if it exceeds the

channel's capacity (Breinl et al., 2021).

A critical step in ensuring the accuracy of the flood susceptibility study is the creation of a

precipitation map for the study area.
7. Topographic Wetness Index (TWI)

The Topographic Wetness Index (TWI) helps identify locations prone to water accumulation
based on their topographic characteristics (Koroma et al., 2024). The Topographic Wetness
Index (TWI), derived from topographical data, is one of the significant factors for assessing the
impact of terrain features on flooding (Rebouh et al., 2024). The area with a higher topographic
wetness index value indicates the high potentiality of a flood event (Hasanuzzaman et al., 2022).
As the TWI value increases, so does the likelihood of flood risk. For this study, we created a
map of the topographic wetness index using the Spatial Analyst Tool in ArcGIS 10.8, which is
divided into five categories: very low, low, moderate, high, and very high. The TWI has been

categorized into five classes.

4.1.2.2 AHP weighting factors
A. Construction of the Pairwise Comparison Matrix

Following the preparation of all thematic layers corresponding to the selected parameters of the
factors, the AHP model was used to calculate various weights (shown in Figure 1) that would
appropriately represent the impact of each factor on the phenomenon being studied. The study
used a 7x7 pairwise matrix in AHP to compare the relative significance and find each
parameter’s weight based on the literature and expert opinions in the field. The important scale
varies from 1 to 9, representing less important to much more important criteria, respectively

(Khoeun et al., 2022).
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Table 9: Pairwise comparison matrix.

Slope | Elevation | rain LULC [RIV_DIS |RIV_DEN | TWI
Slope 1 1/2 1/4 1/2 1/3 1/2 1/3
Elevation 2 1 1/3 1/2 1/2 2 1/2
rain 4 3 1 2 2 3 3
LULC 2 2 1/2 1 1/2 2 1
RIV_DIS 3 2 1/2 2 1 2 2
RIV_DEN |2 1/2 1/3 1/2 1/2 1 1/2
TWI 3 2 1/3 1 1/2 2 1

B. 4.2.2.2. Calculation of Criteria Weights

The weights assigned to these criteria are defined after ranking them according to their relative
importance (Khoeun et al., 2022). Each factor's weight (w;) was estimated by using Saaty’s
Method, which involves normalizing pairwise comparison matrix A, and transformed into
matrix B = [bjj], and computing the arithmetic averages from the row of the normalized
comparison matrix B using the following formula:

b (4.1)

n

. =1
wi==2="14

n

Where, n is number of elements in the row, and bj; is the element of matrix B after normalizing

pairwise comparison matrix A, defined by equation [14.

@ij (4.2)

bii = Zaij
i=1 Qij
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Table 10: Normalized pair-wise comparison and weight values of flood attribute

Slope Elevation rain LULC RIV_DIS RIV_DEN TWI Weights

Slope 0,06 0,05 0,08 0,07 0,06 0,04 0,04 0,0558
Elevation 0,12 0,09 0,10 0,07 0,09 0,16 0,06 0,0988
Rain 024 027 0,31 0,27 0,38 0,24 0,36 0,2939
LULC 0,12 0,18 0,15 0,13 0,09 0,16 0,12 0,1372
RIV_DIS 0,18 0,18 0,15 0,27 0,19 0,16 0,24 0,1952
RIV_DEN 0,12 0,05 0,10 0,07 0,09 0,08 0,06 0,0809
TWI 0,18 0,18 0,10 0,13 0,09 0,16 0,12 0,1383

C. 4.2.2.3 The consistency ratio

To ensure the differences between the pairwise comparisons and the reliability weights that

were calculated, then the consistency ratio was computed to check the consistency.

Table 11: The consistency ratio.

Consistency Index (Cl) | Rl 7X7 Consistency Ratio (CR)
0,036960933 1,34 0,02758279

D. 4.2.2.4 Flood Vulnerability index (FVI)
Thematic representations of all the parameters were created and reclassified after assigning rank
to each class using AHP (Table 6). The reclassified thematic layers along with the weighted
value of each parameter were used to prepare Flood vulnerability Index (Vignesh et al., 2020).
The FVI map was generated in ArcGIS 10.8 software. The formula of FVI is expressed below:

FVI =

= (4.3)
W; X R;

i=1
Where Wi is the weights for individual flood conditioning factors, and Ri represents the rating

of the classified value of each factor.

Finally, the obtained flood vulnerability map was reclassified into five groups: very high, high,

moderate, low, and very low.
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4.1.3 Results & discussion:

The flood vulnerability assessment for the Boudouaou watershed relied on seven key criteria:
rainfall, distance from rivers, slope, elevation, land use/land cover (LULC), topographic
wetness index (TWI), and drainage density to characterize and evaluate areas at risk of flooding.
by evaluating these diverse layers, the study gained additional knowledge about the regions that
are at risk of experiencing floods in the watershed. Rainfall emerges as a critical factor,
especially in the central and southern regions, with areas receiving high to very high rainfall
being particularly vulnerable to flooding events. The slope in the watershed ranged from 0 to
72 degrees, with the highest vulnerability associated with slopes between 0 and 14 degrees
classified as very high and high risk, represent a gentle slope, which prone to prolonged water
stagnation and increased inundation duration. This vulnerability is further accentuated by
elevation, which varied from 0 to 1033 meters. More than 50% of the watershed is below 313
meters that serve as accumulation zones for floodwaters, falling within the "high" to "very high"
vulnerability categories, further amplifying flood susceptibility in these low-lying regions. The
land use/land cover map shows that a majority of the total upstream area is covered by trees
and rangeland, which allow greater water absorption and flood mitigation. Additionally,
urbanized and impermeable surfaces reduce natural infiltration and accelerate surface runoff in
the downstream area with a total area of 20.90% due to human-induced landscape alterations.
The aforementioned vulnerability is further compounded by river channel proximity, which was
a determining factor of vulnerability, as areas nearest to rivers registered extremely high rates
of vulnerability because of direct exposure to flood occurrences. Topographic wetness index
(TWI) also reinforced these results by highlighting individual sites that are prone to saturation
with water, correlating closely with areas in proximity to streams and rivers. Finally, drainage
density acted as an integrative factor of significant value in signaling the impact of dense stream
networks because these areas have multiple streams that flow to each other and eventually join

the Boudouaou Wadi.
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Table 12: Flood Vulnerability Factors and Rating Scale.
Ne Factors Class Descriptive level Rating
1 Slope 0-6 Very high 5
614 High 4
14-21 Moderate 3
21-31 Low 2
31-72 Very low 1
2 Elevation 0—140 Very high 5
140 —-313 High 4
313 -507 Moderate 3
507 -702 Low 2
702 —1033 Very low 1
3 Rainfall 604 -613 Very low 1
613- 621 Low 2
621 — 630 Moderate 3
630 — 636 High 4
636 - 643 Very high 5
4 LULC Water High 4
Trees Very low 1
Crops Low 2
Building Area Very high 5
Bare Land Moderate 3
Range Land Moderate 3
5 Distance from 0-500 Very high 5
river 500 - 1000 High 4
1000 — 1500 Moderate 3
1500 — 2000 Low 2
2000 — 3 936,98 Very low 1
6 | Drainage density 0-0.63 Very low 1
0.63 —1.62 Low 2
1.62 -1.89 Moderate 3
1.89 -2.52 High 4
2.52-3.15 Very high 5
7 Topographic 0-2 Very low 1
wetness index 2-3.26 Low 2
3.26 -5.36 Moderate 3
5.36-8.54 High 4
8.54-12.17 Very high 5
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Figure 13: Factors classification.

Based on Figure 14, the final flood vulnerability map of the Boudouaou watershed was created

by integrating seven thematic layers that represent various flood factors (Figure 15).

The map clearly illustrates spatial variations in vulnerability, classified into five distinct
categories: very low, low, moderate, high, and very high. Analysis of the map shows that the
areas situated proximity to the main Wadi Boudouaou exhibit from very high to high
vulnerability to flooding incidents compared to other parts of the basin. Low elevation and
comparatively flat slopes, high drainage density, heavy rainfall, high drainage density, high
topographic wetness index (TWI), and substantial urbanization in close proximity to the wadi

are the characteristics that define these areas.

Conversely, the peripheral parts of the watershed, particularly along the southern boundary,
generally have low to very low levels of vulnerability. Such areas are generally characterized
by higher altitudes, lower drainage densities, and more favorable land cover patterns with high

vegetation cover that promote water infiltration and consequently reduce flood potential.

According to the findings, the areas of Kharouba Ouled ben shettakh, boudouaou, Harrachi,

Ben yamina, and ben marzouga have been identified as the most vulnerable to flooding.
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Figure 14: Flood vulnerability map.
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Part 02: Flood Hazard Mapping using the RRI Model

4.2.1 Introduction

In this study section, the RRI model was employed to calculate the flood hazard in the study
area considering two major scenarios: with existing dam infrastructure and without the dam. In
order to assess the complete effect of various rainfall intensities on the characteristics of a flood,
model simulations for four various rainfall scenarios have been conducted: the actual rainfall
event (historical data) and hypothetical cases for an increase of 20%, 60%, and 100% compared

to the actual event.

4.2.2 Model Calibration and Validation

Calibration is an essential process to achieve accurate and trustworthy results from flood
simulation. However, due to the complexity and high computational demand of the Rainfall-
Runoff-Inundation (RRI) model, each simulation consumes a considerable amount of time, the
present simulations utilized input parameters of a previous Algerian study where the RRI model
demonstrated good performance and strong correlation with observed data for our study. The
performance of the RRI model was evaluated using two generally accepted statistical metrics:
the Nash—Sutcliffe Efficiency (ENS) and the Coefficient of Determination (R?). The results
from the chosen calibration parameters indicated a good performance of the model with a Nash—
Sutclifte efficiency (ENS) of 0.72 and a Coefficient of Determination (R?) of 0.75. These values
demonstrate a high correlation and good accuracy between simulated flooding conditions and
observed data, justifying the fact that input parameters from the former Algerian research are

optimal and reliable for the current simulations.

4.2.3 Simulation Scenarios and Setup

To assess flood hazards in the entire watershed comprehensively, the model was employed
under two basic hydraulic management conditions: without the dam (natural condition) and
with the dam (accounting for the maximum dam outflow between 1993 and 2024). For both
conditions, four different rainfall conditions were analyzed: the real rain event and three
hypothetical cases representing increased rainfall intensities by 20%, 60%, and 100% over the

real event.
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4.2.3.1 Scenarios 1: without the Dam and with the dam

a) Without the dam scenario (Actual rainfall event)

The flood hazard map is evidently delineating high flood danger areas that are predominantly
located along river channels and surrounding lowland zones. Urban and cultivated areas
immediately abutting river channels are inherently more susceptible to flooding because they

are within floodplains, justifying the need for targeted risk reduction measures applied to these

critical zones.
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Figure 4.3: Flood Hazard Map (Without the dam) under Actual Rainfall Conditions.

b) With the dam scenarios (Maximum Dam QOutflow)

In this scenario, the flood risk was simulated under the actual rainfall event, including the peak

outflow discharge from the dam.

The flood hazard map for this scenario represents the spatial pattern of flood risk in the
watershed under the real rainfall event with the presence of Keddara Dam. As can be observed
from the map, the most vulnerable areas remain those directly next to river channels and low-

lying regions, emphasizing the need for localized flood protection in those regions.
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The map classifies flood hazard into five classes: very low, low, moderate, high, and very high.
The high-to-very-high hazard zones are clearly visible mostly in the central and northern parts
of the watershed, particularly in the downstream area. These zones are closely correlated with
low-lying areas and natural drainage paths, suggesting that topography remains the main

determinant of flood exposure in the Boudouaou watershed.
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Figure 4.3: Flood Hazard Map (With the dam) under Actual Rainfall Conditions.
4.2.3.2 Comparative Analysis of Scenarios

Comparing the flood hazard maps for the two Scenario with dam Scenario without dam under
one and the same actual rainfall event, it is apparent that the variation between flood extent and

intensity is extremely small and nearly negligible.

Although the simulation case was computed using the dam's highest outflow value of 4.3 m?/s,
examining more closely 1993-2024 historical outflow recordings reveal well over 95% of the
time the measured outflow was a value of 0 m*/s. This indicates the dam is infrequently used to
supply water to the downstream river system. Furthermore, authoritative information form

ANBT (National Agency for Dams and Transfers) confirms that the dam is designed to meet
48



the drinking water needs of the Algiers metropolitan area, pointing towards its functioning

being directed towards water conservation and storage rather than flood regulation.

On this point, the maximum outflow value used during simulation may not always be an
emergency spillway or maximum storage level response. Instead, it will probably be an
operating capacity for water supply or transfer. Furthermore, since the dam is continuously
providing water for domestic consumption, its water levels are continuously being drawn down,

reducing the chances of spillover or uncontrolled release under normal rainfall conditions.

Therefore, the minor variation that was registered between the "with the dam" and "without the
dam" flood hazard conditions can be explained by the fact that, in real operational conditions,

the dam is not currently generating extra flooding within the watershed.

¢) Increased Rainfall Conditions scenario (20%, 60%, 100%)

With a further 20% increase in rainfall, we encounter the high and very high-hazard zones
moderately expanding, particularly that of the main course and tributaries of the river. Weak
areas, primarily urbanized and arable land along the riverbanks, already bear testimony to
increased exposure at this 20% increase in rainfall. At an increase of 60% in rainfall, the hazard
becomes more pronounced. The very high hazard regions expand considerably, covering more
of the floodplain and extending into previously low- or moderate-risk areas. This shows much
higher rates of surface runoff and water storage, overloading natural drainage systems and
increasing the threat of catastrophic downstream flooding. The 100% rainfall increase scenario
flood hazard map (simulating the impact of a doubling of rainfall intensity over the 10-day
period) illustrates a dramatic expansion of high and very high hazard areas, particularly along
the main river channels and low-lying sections of the floodplains. The central and southern
portions of the basin are especially affected, with extremely high hazard zones forming

continuous, large patches, suggesting deep inundation and high velocities of flow.

The simulation points to the vulnerability of the watershed to extreme climate events under the
absence of flood regulation infrastructure, emphasizing the pressing need for proactive flood

risk management measures.

49



Flood Hazard map (60%) A
\\'A@». =3
:
;"' /-1' ‘ :.
i * s n . -\,_‘
Legend 1 . Legend "‘.‘ O
\:’ Very low u X {) g Very Low & ) ()
- Low kow ' !
B voserate 40 S "“‘?— = i “e T h’*.-
: ' High : i
High ) *
— : o o B very high ) ety
-Veryhlgh - C e S Gt e e e il *

Flood Hazard map (100%)
S N
A
W =T
7
S
Legend
\:l Very low
- Low
- Moderate -
B i DA =
- Very high
007515 3 45 6
Kilometers,

Figure 15: Hazard Maps Under Increased Rainfall Scenarios (Without Dam: +20%, +60%,
+100%).
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Part 03: Flood risk mapping
4.3.1 Introduction

Flood risk is a function of both flood hazard and flood vulnerability. While flood hazard is the
probability and intensity of flooding in a region, vulnerability is the susceptibility of a region's
population, infrastructure, and land use to be impacted. Flood risk in this study is approximated
by overlaying the results of the RRI model simulations (hazard) and the AHP-based
vulnerability mapping in a GIS-based overlay approach. The combination of these elements

enables a spatial determination of zones most vulnerable for various levels of rainfall.

4.3.2 Flood Risk Maps and Interpretation
A. Actual rainfall event scenario

The flood risk map generated under the actual rainfall event scenario (Figure 17) provides a
spatial distribution of zones under various degrees of flood risk. The resulting classification
ranges between very low and very high flood risk.
The very high-risk zones are generally concentrated along the main river channels, particularly
in the central and southern portions of the watershed. These areas overlap with low-lying
floodplains, which are characterized by high flow accumulation and moderate-to-
high susceptibility due to proximity to rivers, land use (croplands and built-up areas), and lower
elevations. Medium and high-risk areas extend from the riverbanks and into the transitions,
often blanketing fields, rural settlements, and infrastructure corridors. These areas are

susceptible to overbank inundation and surface runoff accumulation during prolonged rainfall.
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Figure 16: Flood Risk map.
B. Increased Rainfall Conditions scenario (20%, 60%, 100%)

The maps of flood risk displayed in Figure 18 represent the spatial variation of flood risk in
three climatic change scenarios of rainfall increase, namely +20%, +60%, and +100%. The
patterns exhibit an overall trend towards more severity and extent of flood risk with elevated
rainfall intensity, emphasizing the master control role played by future climatic change on flood

behavior within the watershed.

For the +20% case, the risk of floods increases compared to the actual event of rainfall. Very
high- and high-risk classes begin growing much more predominantly in major river courses and
flood plains, particularly within the northern and central sections of the basin. While much of

the southern region remains within low and very low-risk classes.

The +60% scenario forecasts a spectacular upsurge of flood risk. The high-risk areas increase
in size and become more connected, forming unbroken corridors along rivers. The emergence

of moderate-risk areas into new low-risk domains implies an increase in the susceptibility of
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infrastructure, croplands, and roads to flood threat. This quantity of rainfall represents a severe

livelihood and land-use threat.

In the +100% case, flood hazard is extensive and severe. Very high-risk zones dominate the
main valleys and extend far into tributary areas, involving huge swathes of urban and farmland.
The overall pattern indicates that the watershed hydrological capacity is exceeded, and most of
the floodplain is in the high and very high-risk category, which exhibits the susceptibility of the

watershed and the urgent need for resilient flood management planning.
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Figure 17: Flood Risk Maps Under Increased Rainfall Conditions (20%, 60%, 100%).
4.3.3 Proposed Flood Risk Management Solutions

1. Construction of Small Retention Basins

Japan has used flooded sports facilities such as tennis courts as part of its urban flood
management strategy, particularly in densely populated cities like Tokyo. In Algeria, especially
in the Wadi Boudouaou basin we can use the football courts as a retention basin. Many Algerian
cities and villages have football fields or school playgrounds near populated zones that are

already flood prone.
2. Flood Early Warning Systems

EWS is critical for reducing casualties and economic losses, such as Developing SMS/voice
alerts via mobile networks for vulnerable communities. Furthermore, installing low-cost

sensors or partner with national weather services for real-time alerts.
3. Reinforcement of Riverbanks

Using gabions, levees, or revetments to protect high-risk areas along the central river corridor

especially in the very high-risk zones.

1. Community Awareness and Capacity Building
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Conduct training in vulnerable areas on flood response, evacuation, and preparedness.
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5

CONCLUSION



CHAPTER FIVE: CONCLUSION

6.1 Conclusion

This study assessed flood risk in the Wadi Boudouaou watershed of northern Algeria by
integrating spatial flood vulnerability analysis and hydrological flood hazard simulation. The
Analytic Hierarchy Process (AHP) was applied using six principal factors—elevation, slope,
rainfall, drainage density, distance from rivers, and the topographic wetness index (TWI)—to
generate a flood vulnerability map. Simultaneously, the Rainfall-Runoff-Inundation (RRI)
model was used to simulate flood hazard for two dam-scenario conditions (with and without
Keddara Dam) and under various rainfall intensities (real event, +20%, +60%, and +100%),

which correspond to possible future climate conditions.

The calibration of the RRI model using validated parameters from a previous Algerian study
conducted well, with Nash—Sutcliffe Efficiency of 0.72 and R? of 0.75. The flood hazard maps
derived showed that the severity and extent of floods increased significantly with higher rainfall

scenarios, particularly in low-lying parts of the floodplains near the river channels.

Unexpectedly, the presence of the Keddara Dam showed small differences in flood hazard,
largely due to its operating priority for domestic water supply and since more than 95% of
outflow records contained 0 m*/s for the last three decades. It confirms that the dam does not
play any significant role in the increasing of floods under normal or even extraordinary rain

events.

The flood risk maps produced by overlaying the hazard and vulnerability information revealed
several very high-risk locations, especially along river courses and in agricultural or urbanized
areas. The maps represent a valuable tool for identifying areas where flood mitigation and

preparedness interventions should be prioritized.
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