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Abstract: With the increasing frequency of floods in recent decades, particularly in West
Africa, many regions have faced unusual and recurrent flooding events. Communities in
flood-prone areas experience heightened insecurity, loss of property, and, in some cases,
serious injuries or fatalities. Consequently, flood risk assessment and mitigation have be-
come essential. This comparative study between Niamey and Lokoja employs Geographic
Information Systems (GIS) and the Analytical Hierarchy Process (AHP) to delineate flood
susceptibility, vulnerability, and risk zones. The study utilized a comprehensive range of
thematic layers, with weight percentages assigned to each parameter as follows: 29% for
elevation, 24% for slope, 15% for the Topographic Wetness Index (TWI), 9% for drainage
density, 9% for distance from rivers, 4% for both precipitation and the Normalized Differ-
ence Water Index (NDWI), and 2% each for the Normalized Difference Vegetation Index
(NDVI) and soil type. To validate these weightings, a consistency ratio was calculated,
ensuring it remained below 10%. The findings reveal that 32% of the Niamey study area
is at risk of flooding, compared to approximately 15% in Lokoja. The results highlight a
very high flood potential, particularly in areas near the Niger River, with this potential
decreasing as elevation increases. Given the current prevalence of extreme weather events
in West Africa, it is crucial to employ effective tools to mitigate their adverse impacts. This
research will assist decision-makers in quantifying the spatial vulnerability of flood-prone
areas and developing effective flood risk assessment and mitigation strategies in the region.

Keywords: flood risk; characterization; zoning; multi-criteria analysis decision; extreme events

1. Introduction

Floods are natural phenomena that occur when the level of a water body exceeds its
usual threshold, inundating land that is typically dry. This rise in water levels can result
from various factors, including excessive runoff from heavy rainfall, seawater intrusion, or
rising river levels [1]. Floods rank among the world’s most significant natural disasters,
leading to substantial social and economic losses. Between 1995 and 2020, floods affected
more than 2.5 billion people globally, accounting for 11% of all disaster-related deaths,
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translating to over 170,000 fatalities [2]. For instance, following the extreme rainfall events
of 2020, more than 2.7 million people in 18 West and Central African countries, including
Niger and Nigeria, experienced severe impacts [3]. The Intergovernmental Panel on
Climate Change (IPCC) has projected an increase in the frequency and magnitude of
extreme weather events, particularly floods and droughts, across the African continent
due to climate change [4]. Africa is particularly vulnerable to the consequences of climate
change for several reasons: its fragile ecosystems, the population’s reliance on agriculture
sensitive to climatic variations, and rapid population growth, all of which significantly
impact land resources [5]. Moreover, the increasing intensity of extreme weather events,
notably heavy rainfall, often affects already degraded soils, leading to flooding [6]. Research
by [7-9] highlights a significant rise in both the frequency of floods and their impacts in the
Sahelian region.

However, the recent surge in flooding cannot be solely attributed to climate change.
While climate change undeniably intensifies rainfall and disrupts hydrological patterns,
other factors, such as severe land and vegetation degradation, also heighten the region’s
vulnerability. This degradation diminishes the soil’s water-holding capacity, increasing
runoff and the risk of flooding [10,11]. Additionally, Sub-Saharan Africa is experiencing
rapid population growth, leading to the development of informal settlements and urban
expansion into flood-prone areas where land is often inexpensive or free [12]. Consequently,
communities remain at risk of future flooding. Thus, analyzing the evolution of risks as-
sociated with extreme events, particularly floods, is crucial for informed decision-making
and the development of effective disaster risk reduction strategies. In regions such as Niger
and Nigeria, flooding has posed a significant challenge for the past decade. Unfortunately,
disaster management primarily focuses on post-disaster assistance and response efforts,
with insufficient emphasis on risk planning. This lack of proactive measures contributes
significantly to the population’s vulnerability [13]. The absence of effective planning hin-
ders authorities” ability to anticipate and respond to disasters, ultimately compromising the
resilience of at risk communities and exacerbating the social, economic, and environmental
impacts of extreme events. Flood risk assessment plays a crucial role in implementing
measures to mitigate the impact of flooding, especially in urban areas. Various methodolog-
ical approaches were proposed in the literature to reduce flood effects. Flood risk can be
estimated using three main approaches: (1) an analysis of flood frequency, (2) the study of
flood dynamics, and (3) the creation of flood vulnerability and risk maps [14]. In this study,
we favor the mapping approach, which provides better geographical visualization of the
risks and serves as a key tool in effective flood risk management strategies. Numerous stud-
ies have assessed vulnerability and risks related to flood impacts [14-17]. The integration
of Geographic Information Systems (GIS) with multi-criteria decision-making (MCDM)
was widely adopted in recent research. This methodology results in a flood risk map that
illustrates the spatial distribution of risk areas and their intensity levels, ranging from very
low- to very high-risk [14]. This approach incorporates various factors contributing to flood
phenomena, including the morphological and hydrological conditions of the terrain, as
well as socio-economic conditions represented as spatial layers [18]. The advantage of this
method lies in its ability to produce a detailed and reliable map of the risk areas.

2. Study Area and Data

This study focuses on two metropolitan cities, Niamey, the capital of Niger, and
Lokoja, the capital of Kogi State in Nigeria, both located in West Africa. Niamey is situ-
ated in the extreme west of Niger along the banks of the Niger River, with coordinates
between 13°20'-13°35" N and 2°00'-2°15" E (Figure 1). The city has experienced rapid
expansion over the past few decades, making it one of the most populous cities in the
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country. Administratively, Niamey comprises five communal districts, four of which are
frequently affected by flooding from the Niger River. The city’s topography is relatively
flat, with altitudes ranging from 180 to 250 m, making some areas particularly prone
to water inundation. Climatically, Niamey receives an average annual rainfall of 300 to
600 mm, with the rainy season lasting from May to September. The average temperature is
30.8 °C, with the highest temperatures recorded in April [19]. Historically, Niamey has been
plagued by flooding, especially during the rainy season, due to frequent river overflows,
extreme rainfall, and, in some cases, a rising water table. Severe floods occurred in 2010,
2012, 2020, 2022, and 2024, primarily during the rainy season, displacing many residents
and resulting in loss of life [20-22].
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Figure 1. Map of Niger (a) and Nigeria (c) showing Niamey and Lokoja as projected in (b,d) with the
river Niger, respectively.

Lokoja (Figure 1), located at coordinates 7°45'-7°52' E and 6°39'-6°46’ N, features
hilly terrain with altitudes ranging from 30 to 400 m above sea level. It receives an average
annual rainfall of 1000 to 1500 mm, with its rainy season extending from April to November
and an average annual temperature of 27 °C [23]. Like Niamey, Lokoja has faced significant
flooding in 2012, 2021, and 2024. Both Niamey and Lokoja share notable similarities,
particularly in their vulnerability to hydrological hazards due to their strategic locations
along the Niger River. Both cities regularly experience flooding, which is exacerbated by
river overflow and extreme rainfall during the rainy season, a situation worsened by climate
change. Rainfall patterns have become increasingly irregular, alternating between droughts
and extreme rainfall events, leading to heightened vulnerability in both cities. Rapid and
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unplanned urbanization further exacerbates this issue, as infrastructure struggles to keep
pace with population growth, leaving communities, especially in informal settlements,
more susceptible to flooding. Moreover, both cities are heavily reliant on water resources
for economic activities, including agriculture, fishing, and river transport. The impact
of flooding on these vital sectors threatens the livelihoods of local communities, making
effective flood risk management a crucial issue for the future of Niamey and Lokoja.

3. Method

3.1. Generation of Vulnerability Maps
3.1.1. Vulnerability Analysis

The flood hazard susceptibility and vulnerability maps were generated using climate
and spatial datasets including the average maximum rainfall, the land use/occupation
map, SRTM (Shuttle Radar Topography Mission), soil data, total population data, and
satellite images (Table 1). SRTM was used to prepare terrain data, notably elevation, slope,
drainage density, distance to a river, and topographic moisture index, and USGS satellite
images were used to prepare Normalized Difference Water Index (NDWI) and Normalized
Difference Vegetation Index (NDVI) [24-26]. The thematic layers, namely elevation, slope,
rainfall, topographic moisture index, drainage density, distance to river, NDVI, NDWI, and
soil, were selected to study flood susceptibility and vulnerability as the land use and land
cover layers. All the layers were processed in the ArcGIS environment [27] for the analysis
of flood susceptibility and risk thematic layers. Flood risk criteria used in this study were
selected based on a literature review and discussions with experts, the parameters (such as
elevation, slope, rainfall, topographic moisture index, drainage density, distance to river,
NDVI, NDWI, and soil) employed were selected based on their relevance to flood risk and
importance [28,29]. Each criterion was established by considering a physical and natural
phenomenon that might affect vulnerability, precisely regarding the degree of susceptibility
and exposure linked to human activities.

Table 1. A description of the parameters used in the zoning of susceptibility and vulnerability in

Lokoja and Niamey.
Parameter Description Source Mapping Output
A . Direction générale de la meteorology du
verage maximum . . .
Precipitation rainfall and average Niger (DMN) for rainfall station, and Precipitation map
RS Climatic Research Unit (CRU) gridded
annual precipitation e
precipitation data
EARTHDATA (NASA) from:
Digital Elevation ALOS PALSAR from search.asf.alaska.edu/#/ accessed on 14 Elevation, Slope, drainage
Model (DTM) EARTHDATA and December 2023) density, distance to rivers,
SRTM 1 Arc-second United States Geological Survey (USGS) topographic moisture index
Global from
Earth Explorer from: https://earthexplorer.usgs.gov
(accessed on 14 December 2023)
Land Ugijgd Land Esri Land Cover thngatlas.arCELS-lC;r;/[{i I;rgg;(l))ver/ (accessed 1 - d use and land cover map
NDVI, NDWI Landsat 8 USGS (accessed on 15 December 2023)
e https:/ /human-settlement.emergency.
Population Spatial distribution of coppernicus.eu / download.php?ds%:poi; Population map

Soil Texture

Digital soil texture data https:/ /data.isric.org/geonetwork/srv/
from ISRIC Data Hub eng/catalog.search#/metadata/2a7d2{b8-e0

population (accessed on 15 October 2024)

Soil map

db-4a4b-9661-4809865aaccfwms (accessed on
19 October 2024)
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3.1.2. Integration of GIS and AHP for Risk Characterization

The study employs a combination of a Geographic Information System (GIS) and
Analytical Hierarchy Process (AHP) to identify areas at risk of flooding by integrating sev-
eral criteria relevant to the flood phenomenon [16,17]. To identify the areas, Multi-Criteria
Decision-Making (MCDM) was used to assess the weight of each factor’s contribution due
to the extent of their inconsistent data. The employed approach is based on three aspects:
the creation of a pairwise comparison matrix, the calculation of the criteria weights, and
the evaluation of matrix consistency. After the construction of the pairwise comparison
matrix, the AHP method was used to obtain the respective importance of the various factors
concerned, as is in line with [30,31]. Developed by Thomas Saaty, the Analytic Hierarchy
Process (AHP) is a fundamental tool used to make pairwise comparisons in multi-criteria
decision-making [32]. The weighting allows the values to be judged against each other
on a scale of 1 to 9 (Table 2) based on the indices proposed [32]. When comparing one
criterion with another, each factor is assigned a score, with the lower figures representing
fewer essential factors and the higher figures indicating higher important factors. Between
the two indices, all gradations are possible, depending on the relationship of importance
between the criteria, from the most important to the least important. Thus, suppose the
relative importance of n was assigned to the comparison ratio between two criteria, A and
B. In that case, the ratio between B and A is evaluated by the fraction of 1/n. When the
element is compared in the table, it coincides with the diagonal elements and is scored with
the respective value [33,34].

Table 2. Saaty scale on relative importance from [18-32].

Equal importance

Equal to moderate importance

Moderate importance

Moderate to strong importance

Strong importance
Strong to very strong importance
Very strong importance
Very to extremely strong importance
Extreme importance

O O NN Uk WN -

3.1.3. Reclassification of Variables

To standardize the thematic layers for assessing susceptibility and vulnerability, all
layers were reclassified using the Natural Breaks method to differentiate pixel values [17].
This approach categorized the data into five distinct levels, ranging from one to five,
where one represents very low flood risk and five signifies very high flood risk. The
reclassification of the various criteria, along with their respective areas and assigned
weights, were recorded.

3.2. Flood Risk Quantification and Characterization
3.2.1. Hazard Mapping and Flood Susceptibility

The term hazard refers to climate-related physical events or trends, as well as their
manifestations and potential impacts. It is defined as the likelihood that a natural or
anthropogenic event, capable of causing physical impacts, results in the loss of human
lives, injuries, or health effects, while also causing material damage to infrastructure,
livelihoods, and ecosystems [35]. Environmental characteristics such as elevation, slope,
drainage systems, and soil types [36], as well as hydrological properties, particularly,
precipitation, play a critical role, especially in river overflows [36]. NDVI (Normalized
Difference Vegetation Index) is employed to characterize the most flood-prone areas by
identifying those with higher vulnerability [18,37]. Regions with negative NDVI values are



Hydrology 2025, 12, 17

6 of 23

more exposed to flooding, while those with positive values have a lower risk. Additionally,
proximity to rivers is a key factor in flood susceptibility analysis, particularly in areas like
the study region, which are frequently affected by the overflow of the River Niger [22].
The Topographic Moisture Index (TWI) indicates the specific geographical location of
surface saturation and the spatial distribution of soil water and quantifies the effect of local
topography on drainage generation [38,39]. The TWI layer was prepared from the Digital
Elevation Model using the following expression:

a
TWI = Ln (tan ﬁ) 1)

where « and S refer to the specific area and slope of the region. Thus, the region with the

higher TWI rating shows a higher probability of a flood event. The combination of these
factors thus facilitates the identification of flood-prone zones.

3.2.2. Flood Vulnerability Parameters

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) [35], vulnerability refers to the sensitivity or susceptibility to damage, as
well as the inability to cope with or adapt to an event. Vulnerability is a critical component
of risk, as it determines whether exposure to a hazard constitutes a genuine risk [38]. In
this study, land use, total population, and the distance from the road were selected as the
primary criteria for analyzing the flood vulnerability. This criterion was chosen due to
its direct influence on infiltration rates, runoff, and water retention, i.e., the soil’s ability
to absorb or drain rainfall [39]. Different land use types, such as urban, agricultural, and
natural areas, determine how rainwater behaves thus affecting the susceptibility of a given
area to flooding. This classification allowed the quantification of land use impacts on flood
dynamics, highlighting high-risk areas due to impermeability, leading to shortening the
time of concentration.

3.2.3. Flood Risk

According to [40], risk refers to the likelihood that an event will occur and result
in negative consequences or expected losses, arising from a combination of natural or
anthropogenic hazards [38]. Risk is commonly expressed using the following equation:

Risk = Hazards x Vulnerability (2)

It is often described as the product of three main factors, including exposure, which
specifically refers to the physical aspects of vulnerability. This study assigned spe-
cific weights to the different hematic indicator layers based on their respective char-
acteristics. The weight assigned to each element for hazard assessment is presented
in Tables 3 and 4 [24,41]

Based on this, Equations (3)—(7) were used to compute the eigenvector (vp) and the
weighting coefficient (cp). The following equation demonstrates the formula used to
calculate the eigenvector (Vp) and the weighting coefficient (Cp):

Vp=1ClxC2....xCn (3)

With n being the number of factors used (nine factors in this study), the consistency
ratio (CR) is derived using the following formula:

_ Vp
 Vpl+Vp2+--- .+ Vn

Cp (4)
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(Amax —n)
(n—1)

where CI: the coherence index; n: the number of factors evaluated (n =9 for the case of this

Cl = (5)

study); and Amax: the eigenvalue calculated from the comparison matrix.
The pairwise comparison matrix is consistent if AMax > n
The maximum eigenvalue, Amax, is determined using the following equation:

[E]

AMax = o (6)

With [E] corresponding to the rational priority, it is obtained by dividing each global
priority [D] by the corresponding priority vector. The global priority [D] is calculated by
multiplying each column of the matrix by the priority vector [C], which is the average of
each line [26,28]. The pairwise comparison tables were ranked with nine factors in the field
of natural disasters. Their results were standardized and examined using the consistency
ratio (CR) test [34,42]. The consistency ratio was calculated using the following equation:

I

R = —
¢ RI

)

where CI is the coherence index, RI is the random coherence index whose value depends
on the number n, and n is the number of factors. In this study, nine factors, which gave an
RI value of 1.45, were used. The matrix will be coherent if the ratio is <0.1.

Table 3. Consistency ratio table.

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
RI 000 000 058 09 112 124 132 141 145 149 151 148 156 157 159
Source: [43].
Table 4. Pairwise comparison matrix for flood susceptibility.
Factors S E TWI DR DD Rainfall NDWI NDVI SOIL Vp Cp Weight
S 1 0.33 3 4 4 6 7 8 8 3.27 0.24 24%
E 3.03 1 3 4 4 5 6 7 7 3.91 0.29 29%
TWI 0.33 0.33 1 3 3 4 5 6 6 2.08 0.16 16%
DR 0.25 0.25 0.33 1 1 3 4 4 5 1.20 0.09 9%
DD 0.25 0.25 0.33 1 1 3 4 4 5 1.20 0.09 9%
Rainfall ~ 0.14 0.20 0.25 0.33 0.33 1 3 3 4 0.67 0.05 5%
NDWI 0.14 0.17 0.20 0.25 0.25 1 1 4 4 0.55 0.04 4%
NDVI 0.13 0.14 0.17 0.25 0.25 0.33 0.25 1 1 0.29 0.02 2%
SOIL 0.13 0.14 0.17 0.20 0.20 0.33 0.25 1 1 0.28 0.02 2%
Sum 5.40 2.82 8.45 14.03 14.03 23.67 30.5 38 41 13.44 1 100%

Saaty scale on relative importance [44]. 1: Equal importance; 9: extreme importance. S: Slope; E: elevation; TWI:
topographic wetness index; DR: distance to the river; DD: drainage density; NDWI: normalized water index;
NDVI: Normalized Difference Vegetation Index.

4. Results and Discussion
4.1. Flood Susceptibility and Vulnerability Analysis

Based on the thematic layer, the results revealed that elevations in Niamey varied
between 180 and 300 m (Figure 2a), while Lokoja ranged from 19 to 544 m (Figure 3a).
According to the classifications, Niamey is predominantly located at a medium elevation
(34.38%), followed by low (20.87%), high (17.19%), very low (15.68 %), and very high
(12.14%) elevations (Table Al). Conversely, the Lokoja area is dominated by altitudes
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classified as very high flood risk (28.18 %), followed by high (26.31%), moderate (23.57 %),
low (11.23 %), and very low (10.70 %) classes (Table A2).
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Figure 2. Different thematic layers used for flood susceptibility map in Niamey: (a) elevation,
(b) drainage density, (c) slope, (d) Topographic Wetness Index (TWI).

Niamey’s low-elevation areas are mainly concentrated in the center, particularly in the
southeast and east of the city. Lokoja, on the other hand, these low-lying areas are located
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in the north and extreme southeast of the city. This elevation parameter was weighted at
29% (Table 4) in the AHP model, underlining its importance in assessing flood risk.

As for slope, it varies from 0 to 40 degrees in Niamey, with a breakdown into five
categories: very high, high, moderate, low, and very low. Most of the Niamey area falls
into the high- to very high-risk classes (80%), favoring increased retention of runoff thus
reinforcing the area’s vulnerability to flooding. In Lokoja, a similar pattern is observed,
where 84% of the territory falls into the very high to high categories. This dominance
of steep slopes underlines the high-risk of flooding in this area. The slope factor was
weighted at 24%. The TWI ranged from 2.8 to 23 in Niamey and 3.2 to 23 in Lokoja.
This index, essential for assessing susceptibility to flooding, was given a weighting of
16% in the overall analysis, demonstrating the importance of topographical conditions in
the concentration of moisture in these areas. However, drainage density, which reflects the
quantity of watercourses per unit area, ranges from 0 to 11 km/km? in Niamey, and from
0 to 2.5 km/km? in Lokoja. This parameter was weighted at 9% in the AHP model. Areas
with high drainage density represent 15.32% of the surface area in Niamey and 25.54% in
Lokoja, indicating a greater runoff capacity in Lokoja. But, in Niamey, the very low-density
category predominates (39%), while in Lokoja, it covers 28% of the area. This contrast
suggests that the overall drainage density is higher in Lokoja, which could accentuate its
flood risk.
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Figure 3. Different thematic layers used for flood susceptibility map in Lokoja: (a) elevation,
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(b) drainage density, (c) slope, (d) Topographic Wetness Index (TWI), (e) distance to river.

Precipitation, a key factor in the occurrence of floods, is weighted at 4 % in this study.
Precipitation was divided into five classes, very low (7.04 %), low (17.84 %), moderate
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(48.49 %), high (22.34 %), and very high (4.3 %), underlining its central role in triggering
floods. On the other hand, NDWI, which assesses the presence of water and its link with
flood risk, varies between —0.5 and —0.2 in Niamey (Figure 4b) and varies and between
—0.43 and 0.17 in Lokoja (Figure 5c). In Niamey, the predominant category is that of very
weak zones, while in Lokoja, the weak class is the most represented. This parameter was
weighted at 4% in the overall analysis, reflecting the direct impact of the presence of water
on susceptibility to flooding.
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Figure 4. Different thematic layers used for flood susceptibility map in Niamey: (a) rainfall,
(b) NDWI, (c) NDVI, (d) type of soil, (e) distance to river.

Similarly, NDVI, which assesses vegetation cover and its influence on flooding, varies
between —0.3 and 0.3 in Niamey and between —0.16 and 0.50 in Lokoja. Negative values
of this index indicate increased susceptibility to flooding. NDVI was weighted at 2%,
reinforcing the understanding of the role of vegetation in runoff management.

The soil type parameter is presented in Figure 4d and is classified into seven categories
based on the available soil types, namely clay, sandy loam, clay loam, sandy clay loam,
sandy loam, silt, and loamy sand. In contrast, in Lokoja Figure 5d, the predominant soil
types are clay, sandy clay, clay loam, sandy clay loam, loam, and sandy loam. In this study,
the soil type was assigned a weight of 2 %.
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Figure 5. Different thematic layers used for flood susceptibility map in Lokoja: (a) rainfall, (b) NDWI,
(c) NDVI, (d) type of soil.

4.2. Flood Vulnerability Layers

The vulnerability map provides precise information on areas potentially prone to
flash flooding. The parameters influencing vulnerability relate in particular to the socio-
economic aspect, including the people and their property likely to be impacted by natural
events, in terms of both quantity and quality [1]. In addition, the vulnerability map
results from the combination of several factors, in particular the land occupation and use
map (LULC), the thematic population map, and the distance from roads. Among these
factors, LULC plays a major role in determining runoff and flood behavior. The figure
shows the map of land cover classes. Using the reclassification tool, the land use map was
reclassified on a scale from 1 (very low vulnerability) to 5 (very high vulnerability). Each
land cover class was assigned a specific level of flood vulnerability. Water bodies, such
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as rivers, lakes, and ponds, were classified as having very low vulnerability (1) because
these areas do not experience additional damage during flood events. Unlike agricultural
or built-up areas, aquatic surfaces are considered the least vulnerable according to the flood
vulnerability scale applied in this study. Figures 6a and 7a illustrate LULC for Niamey and
Lokoja metropolitans.
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Figure 6. Thematic layer for flood vulnerability: (a) LULC in Niamey, (b) distance to road,
(c) distribution of population in Niamey, Niger.

On the other hand, the spatial distribution of the population has made it possible to
define the socio-economic aspect by distinguishing areas of high population concentration
where pressure on natural resources and infrastructure is more intense. The distribution
map is produced using the data from the Global Human Settlement that are available for
open access (https:/ /human-settlement.emergency.copernicus.eu/download.php?ds=pop
(accessed on 15 October 2024)) and found that it ranges from 0 to 433.9 for Niamey and
from 0 to 410.9 for Lokoja, as depicted in Figures 6b and 7b. After that, the map layers
were reclassified (very low, low, medium, high, and very high) with the percentage of the
total city area, as illustrated in Appendix A (Tables A3 and A4 respectively for Niamey
and Lokoja). There is a direct relationship between high population density and extreme
vulnerability [45]. Therefore, areas with very high concentrations were classified as very
vulnerable in this study. The distribution of distances to roads in the study area was
mapped by buffering around the main roads. Figures 6b and 7b show the different classes
of proximity to roads. Five classes were established based on the accessibility of the
road network. These classes are as follows: very low, low, medium, high, and very
high. In this way, the study can support municipal planners identify the area’s most
likely to be vulnerable to risk, enabling a more effective allocation of resources for crisis
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prevention and management. By classifying levels of vulnerability, it provides a valuable
tool for prioritizing interventions, reinforcing infrastructure in high-risk areas and devising
adaptation strategies tailored to local circumstances. It also helps communities to become
more resilient in the face of extreme events, by including risk reduction measures in urban
planning schemes. The weighting coefficients and eigenvectors were calculated for all
the vulnerability criteria; Table 5 provides the values. The weights for LULC, population
distribution, and the distance to the road are 61%, 27%, and 12%, respectively. Table 6
gives consistency ratio, and consistency index of the vulnerability map, given that CR is
approximately 6%.
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Figure 7. Thematic layer for flood vulnerability: (a) LULC for Lokoja, (b) distance to road,
(c) distribution of population in Lokoja, Nigeria.
Table 5. Pairwise comparison matrix for flood vulnerability.
LULC Pop Distance to Road Vp Cp Weight (%)
LULC 1.00 3.00 4.00 2.29 0.61 61
Pop 0.33 1.00 3.00 1.00 0.27 27
Distance to Road 0.25 0.33 1.00 0.44 0.12 12
Sum 1.58 433 8.00 3.73 1.00 100
Table 6. Consistency check for flood vulnerability.
Consistency Consistency
Lambda Max N Index (CI) Ratio (CR)
3.07 3 0.04 0.06
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Based on the findings, it was demonstrated that most of Niamey’s surface area falls
within moderate (25%) and high vulnerability levels (9%), with 9% of the area classified
as very highly vulnerable. On the other hand Lokoja, very low (66%) and low (29%)
vulnerability levels dominate, while highly vulnerable areas account for 2%, and very
highly vulnerable areas represent only 1% of the surface.

4.3. Flood Susceptibility

The consistency ratio demonstrated satisfactory coherence between the layers, with
a value of 0.08 (below 0.10), as indicated in Table 7. The final flood susceptibility map
was generated for both study areas using the weighted overlay method. Based on the
results, the study areas were subdivided into five flood susceptibility classes: very low, low,
moderate, high, and very high (Figures 8 and 9). In this analysis, the highest weight was
assigned to elevation (29%), followed by slope (24%), topographic wetness index (16%),
drainage density (9%), distance to the river (9%), precipitation (5%), NDWI (4%), NDVI
(2%), and soil type (2%)

Table 7. Main results of consistency check for flood susceptibility.

Consistency Consistency
Lambda Max N Index (CI) Ratio (CR)
9.97 9 0.12 0.08
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Figure 8. Areas of flood susceptibility (a), flood vulnerability (b), and flood risk zonation (c) of
Lokoja (Nigeria).
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Figure 9. Areas of flood susceptibility (a), flood vulnerability (b), and flood risk zonation (c) of
Niamey (Niger).

As a result of computation, the transboundary area is characterized by the hydrologic
evolution of the Niger river. These floods generally occur along the riverine areas. The
“high” and “very high” flood susceptibility classes are predominantly observed in these
areas. The flood susceptibility map results show index values ranging from 1.14 to 4.88
for Niamey, and from 1.11 to 4.79 for Lokoja. The susceptibility distribution for Niamey is
as follows: very low (17%), low (30%), moderate (30%), high (17%), and very high (9%).
For Lokoja, the percentages are as follows: very low (11%), low (21%), moderate (27%),
high (25%), and very high (16%). The largest part of the area experiences significant pluvial
and fluvial flooding, particularly due to intense heavy seasonal rainfall and overflowing
rivers, which are exacerbated by the hydrological dynamics of the River Niger Basin. These
characteristics suggest that flood mitigation efforts in Niamey and Lokoja should prioritize
high-risk areas along riverbanks and areas with low infiltration capacity in order to reduce
the impacts of seasonal flooding that threaten infrastructure, agriculture, and communities.

4.4. Flood Risk Map

The primary outcome of this study is the development of a flood risk zoning map,
created by combining susceptibility maps with land use data. The resulting risk map is
classified into five zones, very low, low, moderate, high, and very high, as shown in the
figure. In the Niamey area, high and very high flood risk zones account for 25% and
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7% of the total area, respectively, while in Lokoja, these zones cover 12% and 3% of the
study area (Table 8).

Table 8. Spatial distribution. Areas of flood susceptibility, flood vulnerability, and flood risk zonation
for Niamey and Lokoja metropolitans.

Study Zone Level Flood Susceptibility Flood Vulnerability Flood Risk Zonation
Area (km?) Area (%) Area (km?) Area (%) Area (km?) Area (%)

Very Low 86 17 131 24 54 10

Low 166 30 134 24 145 26

Niamey Moderate 151 27 138 25 173 31
High 96 17 98 18 138 25

Very High 51 9 50 9 38 7

Very Low 370 11 2223 66 784 23

Low 708 21 988 29 1117 33

Lokoja Moderate 905 27 70 2 952 28
High 835 25 58 2 403 12

Very High 532 16 28 1 85 3

The very low, low, and moderate flood risk classes represent 10%, 26%, and 31% of
the area in Niamey, and 23%, 33%, and 28% in Lokoja. High and very high-risk zones
are distributed across the entire study area but are particularly concentrated along river
corridors. These high-risk areas are primarily characterized by low elevation, gentle slopes,
and high drainage density. The figure illustrates the blocks most affected by high flood risk.

4.5. Implications of Findings for Sustainable Environmental Management

The results of this study highlight significant differences in flood susceptibility, vulner-
ability, and risk between Niamey and Lokoja due to their distinct topographic, hydrological,
and socio-economic characteristics. Using GIS combined with the MCE method and AHP,
a selection of nine specific mapping parameters was made for the assessment of flood
susceptibility and three for the assessment of flood risk vulnerability in Niamey and
Lokoja. This choice is based on the selection of criteria that directly influence the conditions
of vulnerability and susceptibility to flooding in these regions [18,26,37]. However, the
weighting obtained through AHP may be subject to a degree of uncertainty, influenced
by the judgements of the experts involved in the study. To assess the consistency of these
judgements, a Consistency Ratio (CR) was calculated, resulting in 0.08 for flood suscep-
tibility and 0.06 (Table 7) and for vulnerability (Table 6), indicating a reasonable level of
reliability. Thus, the weights assigned are considered acceptable for flood risk analysis in
these areas. The elevation factor was given a weighting of 29% in the AHP analysis due
to its decisive role in the areas at risk. Niamey, with its flatter topography and moderate
slopes, favors the accumulation of runoff water, while the steep slopes in Lokoja amplify
water runoff, increasing the risk of pluvial flooding. The analyses show that Niamey and
Lokoja have similar distributions in terms of susceptibility classes, but with notable varia-
tions, particularly in the spatial distribution of risks. Niamey is characterized by a high
proportion of low-susceptibility areas (47% combined for the very low and low classes),
while Lokoja has a higher proportion of high-risk areas (41% combined for the high and
very high classes). These differences can be explained by the generally higher altitude of
Lokoja, but with marked variations due to the local topography. In terms of vulnerability,
Niamey has a more even distribution of vulnerability levels, with moderate to high classes
dominating (43% of the total area). In contrast, Lokoja shows a predominance of very
low to low classes (95% combined), suggesting greater structural resilience in most areas,
probably due to a lower population density in high-risk areas. Socio-economic factors,
notably population distribution and LULC, also played a major role, with a combined
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weight of 88% in the vulnerability analysis. In Niamey, densely populated areas, often
combined with inadequate infrastructure, increase vulnerability to the impacts of flooding.
In addition, the analysis of distances to roads shows that some vulnerable areas also suffer
from limited access, which complicates relief efforts. The combination of susceptibility and
vulnerability maps has produced flood risk zoning maps. The results show that areas of
high- and very high-risk are concentrated mainly along river corridors in both regions,
but with differences in their spatial extent. Niamey has 32% of its total surface area in
these categories, compared with only 15% for Lokoja. These results are consistent with the
hydrological and topographical characteristics of the two regions, where alluvial plains and
low altitudes are the most vulnerable. The risk class analysis shows that Lokoja has a higher
proportion of very low and low-risk areas, largely due to better stormwater management
and higher altitudes. In contrast, very high-risk areas in Niamey are exacerbated by poor
infrastructure, low vegetation cover, and lower drainage density, contributing to inefficient
surface water management. These results demonstrate the importance of an integrated
approach to flood management, combining land use strategies, mitigation measures based
on green infrastructure, and planning adapted to local dynamics. In Niamey, priorities
should include improving drainage infrastructure, managing heavily populated areas, and
reforestation to reduce runoff. In Lokoja, although the areas at risk are less extensive, it is
crucial to strengthen protection measures in low-lying and riparian areas. These results
also illustrate the need for cross-border cooperation to manage the impacts of flooding in
the River Niger Basin, particularly with regard to extreme events linked to climate change.
The risk maps generated are an essential tool for urban planning and resource allocation,
enabling the social and economic impacts of recurrent flooding to be mitigated.

The lack of high-resolution capabilities had a significant influence on the production
of the maps in this study. In addition, very low-resolution Digital Elevation Model (DEM)
data were used to extract the various factors influencing susceptibility to flooding. One of
the limitations of our study is that the resolution and accuracy of the DEM data can have an
impact on the accuracy of the derived terrain data, such as elevation, slope, and drainage
density, as well as that derived from it. Another major problem in determining suscepti-
bility using the multi-criteria decision analysis (MCDA) approach is the selection of flood
conditioning factors. In this study, nine factors were selected for flood susceptibility, which
is similar to other studies conducted by Gaurav et al. [45] and Mokhtari et al. [26], as well as
Nsangou et al. [46] and Vilasan et al. [37], with the latter two using ten factors. In addition,
Belazreg et al. [17] used six factors. This variability in the number of criteria demonstrates
the importance of selecting those that best correspond to the geomorphological and geo-
logical conditions of the study region while ensuring that no single factor dominates the
overall weighting. In addition, one of the main drawbacks of this methodology is that it
relies heavily on expert opinion to assign weight to the various criteria. This reliance can
introduce bias, as experts may have different views on the importance of certain factors.
Furthermore, while this approach is suitable for regional assessments, its transposition to a
global scale may present difficulties. Despite these limitations, the weaknesses identified in
our analysis are mitigated by the use of a consistency ratio test for judgements. According
to [32], the consistency ratio threshold must be less than 10% to guarantee the consistency
of judgements. In this study, the consistency ratio was 8% and 6%, respectively, for flood
susceptibility and vulnerability susceptibility, which indicates that our judgements can be
considered consistent.

5. Conclusions

This comparative study of Niamey and Lokoja employed an integrated multi-criteria
approach, combining the AHP, GIS, and diverse environmental indicators to map and ana-
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lyze flood-prone areas. By superimposing a flood susceptibility map, derived from factors
such as elevation, slope, drainage density, and proximity to rivers, with a vulnerability
map based on land use, the study revealed distinct flood risk patterns in each city.

The analysis successfully identified areas prone to flooding and facilitated an as-
sessment of their potential consequences. Niamey exhibited a greater overall extent of
flood-prone areas, while Lokoja presented a higher concentration of high-risk zones, partic-
ularly near watercourses. This disparity underscores the influence of topographical factors
in shaping flood risk, with low-lying areas in Niamey and proximity to the confluence of
major rivers in Lokoja contributing significantly to vulnerability.

Flooding in both cities is driven by a complex interplay of factors, including to-
pography, rainfall intensity and frequency, and the adequacy of drainage infrastructure.
Furthermore, land use changes, such as urban expansion and deforestation, coupled with
the impacts of climate change on rainfall patterns, exacerbate flood risk by altering water
absorption and runoff dynamics.

The spatial distribution of flood risk also differed significantly between the two cities.
Niamey displayed a concentration of low-risk areas in its northern and southern fringes,
with moderate to high vulnerability prevalent in the central region. Conversely, Lokoja
exhibited a more widespread moderate risk, punctuated by pockets of very low-risk in the
north and a concentration of high-risk in the south, particularly in the city center.

These findings underscore the necessity of city-specific adaptation measures for effec-
tive flood risk management. In Niamey, prioritizing stormwater management in moderate
risk areas is crucial, while in Lokoja, the focus should be on mitigating flood risk in low-
lying areas with high drainage density. Ultimately, this study emphasizes the critical
importance of proactive and contextually appropriate urban and environmental plan-
ning, incorporating nature-based solutions, to effectively mitigate flood risk and enhance
resilience in these rapidly urbanising West African cities.

Based on these findings, the study underscores the need for localized and collaborative
flood risk management strategies. Integrating flood risk zoning into urban planning is
vital to prevent further development in high-risk areas, while regional cooperation be-
tween Niger and Nigeria is essential for addressing shared risks in the Niger River Basin.
Nature-based solutions, such as reforestation, wetland restoration, and green infrastructure,
should be piloted in both cities to reduce runoff and enhance drainage capacity. Stakeholder
engagement, particularly involving local communities, is critical for ensuring the effective-
ness of flood mitigation measures. Public awareness campaigns can improve preparedness
and response to flood events, while higher-resolution datasets and real-time monitoring
systems are necessary for enhancing the accuracy of future assessments. Lastly, integrating
flood risk management into broader climate change adaptation plans will ensure long-term
resilience to the increasing frequency and intensity of flooding events in the region.

Author Contributions: Conceptualization, methodology, software, formal analysis, investigation;
resources, data curation, writing—original draft preparation; project administration, visualization,
Y.D.N,; data curation Y.D.N. and T.T.N.; writing—review and editing, validation YD.N., M.Y.O.,S.A L,
O.H.O., T.T.N,; supervision, M.Y.O,, S.A.I, O.H.O., A.A.O. and T.T.N,; funding acquisition, Y.D.N.,
T.T.N. and A.A.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the German Federal Ministry of Education and
Research (BMBF) and implemented by the West African Science Service Centre on Climate Change
and Adapted Land Use (WASCAL) and the University of Kassel

Data Availability Statement: The original contributions presented in the study are included in
in the Appendix A. Additionally, some data are open access and can be made available upon



Hydrology 2025, 12, 17

19 of 23

receipt of an official request to, a corresponding author. Further inquiries can be directed to the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Table Al. Selected Criteria and Associated Weighting of Each Factor Used in Developing Flood
Susceptibility Map in Niamey.

. Flood
Factor AHP Weight for Reclass Class Susceptibility Area in km? Area in Percentage (%)
Each Factor
Level
5 Very high 67.37 12.14
4 High 95.43 17.19
Elevation 29 3 Moderate 190.86 34.38
2 Low 115.87 20.87
1 Very Low 87.03 15.68
5 Very High 212 38
4 Hight 233 42
Slope 24 3 Moderate 82 15
2 Low 24 4
1 Very Low 4 1
1 Very Low 264 48
2 Low 125 23
TWI 16 3 Moderate 92 17
4 High 62 11.12
5 Very High 12 2.24
1 Very Low 215.21 39
2 Low 145.23 26.09
Drainage density 9 3 Moderate 111 20
4 High 72 13
5 Very High 13 2
5 Very high 69 12.41
4 High 47 8.45
Distance to river 9 3 Moderate 28 5.03
2 Low 37 6.65
1 Very low 375 67.44
1 Very Low 39.15 7.04
2 Low 99.31 17.84
Rainfall 5 3 Moderate 269.86 48.49
4 High 124.31 22.34
5 Very High 23.91 4.3
1 Very Low 199 36
2 Low 156 28
NDWI 4 3 Moderate 146 26
4 Hight 41 7
5 Very High 15 3
1 Very Low 9 2
2 Low 4 1
NDVI 2 3 Moderate 403 72
4 Hight 112 20
5 Very High 28 5
1 Very Low 15.94 2.86
2 Low 157.56 28.31
Soil 2 3 Moderate 379.25 68.14
4 Hight 243 0.43
5 Very High 1.31 0.23
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Table A2. Selected Criteria and Associated Weighting of Each Factor Used in Developing Flood

Susceptibility Map in Lokoja.

. Flood .
Factor AHP Weight for Reclass Class Susceptibility Area in km? Areain Poercentage
Each Factor (%)
Level

5 Very high 957.224 28.18

4 High 893.545 26.31
Elevation 29 3 Moderate 800.6 23.57
2 Low 381.323 11.23
1 Very Low 363.551 10.70
5 Very High 1748 51.47
4 High 1125 33.12

Slope 24 3 Moderate 293 8.63
2 Low 152 4.48

1 Very Low 68 2.00
1 Very Low 1282.12 37.75
2 Low 1193.67 35.15
TWI 16 3 Moderate 489.109 14.40
4 High 341.94 10.07

5 Very High 78.39 2.31

1 Very Low 951.32 28.01
2 Low 871.96 25.67
Drainage density 9 3 Moderate 708.335 20.86
4 Hight 606.624 17.86

5 Very High 258.017 7.60
1 Very Low 1029.06 30.30

2 Low 598.211 17.61
Distance to river 9 3 Moderate 629.686 18.54
4 Hight 185.002 5.45
5 Very High 954.44 28.10
1 Very Low 879 25.88
2 Low 824 24.26
Rainfall 5 3 Moderate 574.813 16.92
4 High 714.65 21.04

5 Very High 404.64 11.91
1 Very Low 480.6 14.15
2 Low 1556.74 45.83
NDWI 4 3 Moderate 1032.03 30.39
4 Hight 299.068 8.81

5 Very High 27.6 0.81

1 Very Low 25.88 0.76
2 Low 433.4 12.76
NDVI 2 3 Moderate 1572 46.28
4 Hight 1218.26 35.87

5 Very High 146.908 4.33
1 Very high 1000.46 29.46
2 High 632.303 18.62
Soil 2 3 Moderate 815.162 24.00
4 Low 772.18 22.74

5 Very low 177.904 524
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Table A3. Selected Criteria and Associated Weighting of Each Factor Used in Developing Flood
Vulnerability Map in Niamey.

. Flood .
Factor AHP Weight for Reclass Class Susceptibility Area in km? Areain Poercentage
Each Factor (%)
Level
1 Very low 131 24.00
2 Low 10 2.00
LULC 0.61 3 Moderate 167 30.00
4 High 237 43.00
5 Very High 12 2.00
1 Very low 410 74.00
2 Low 42 8.00
TP 0.27 3 Moderate 44 8.00
4 High 51 9.00
5 Very High 9 2.00
1 Very low 355 64.00
2 Low 39 7.00
Distance to Road 0.12 3 Moderate 45 8.00
4 High 53 10.00
5 Very High 65 12.00
Table A4. Selected Criteria and Associated Weighting of Each Factor Used in Developing Flood
Vulnerability Map in Lokoja.
) Flood .
Factor AHP Weight for Reclass Class Susceptibility Area in km? Area in Percentage
Each Factor (%)
Level
1 Very high 816.02 24.03
2 High 1524.40 44.90
LULC 0.61 3 Moderate 948.56 27.90
4 Low 74.84 2.20
5 Very low 30.94 0.91
1 Very low 3364.00 99.00
2 Low 19.00 1.00
TP 0.27 3 Moderate 14.00 0.00
4 High 14.00 0.00
5 Very High 4.00 0.00
1 Very low 3025.95 88.62
2 Low 89.10 2.60
Distance to Road 0.12 3 Moderate 91.82 2.68
4 High 94.90 2.77
5 Very High 99.35 291
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