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ABSTRACT

Flooding remains a persistent threat in Mokwa Local Government
Area, Niger State, due to a combination of natural topographic
conditions and human-induced land changes. The study used
geospatial analysis and multi-criteria decision-making to assess
flood vulnerability by integrating eleven key physical and
environmental factors. Data were obtained from NiMet, SRTM,
Landsat-9 imagery, and the HWSD. The Analytical Hierarchy
Process (AHP) was used to assign factor weights, and the final
vulnerability map was developed using weighted and fuzzy overlay
techniques in ArcGIS. The resulting flood vulnerability map
classified the area into five categories: Very Low (223 km?), Low
(303 km?), Medium (1,473 km?), High (1,624 km?), and Very High
(516 km?), out of a total of 4,139 km?2. This means that over 87% of
the land area falls under Medium to Very High vulnerability classes.
Land Use/Land Cover (0.198), Elevation (0.168), and Rainfall
(0.148) were identified as the most influential factors. The study
recommends restricting development in High and Very High zones,
enhancing drainage in built-up areas, promoting vegetation and soil
conservation in clay-rich zones, and integrating flood risk maps into
local planning. The approach illustrates how spatial analysis
combined with the Analytic Hierarchy Process (AHP) can support
evidence-based flood mitigation and informed land use planning in
flood-prone areas.

Keywords: Flood Vulnerability, Geospatial Analysis, Analytical
Hierarchy Process (AHP), Fuzzy Overlay, Land Use/Land Cover
(LULC) and Mokwa LGA

INTRODUCTION

Flooding remains the most frequent and destructive natural
disaster globally, affecting more people annually than any other
hazard (Babati et al. 2022). Driven by climate change, sea-level
rise, and extreme weather events, flood disasters have increased
in both frequency and severity over the past decades (Muzzamil et
al. 2020). Floods account for over 44% of all-natural disasters
worldwide, displacing more than 200 million people and causing
billions of dollars in economic losses each year (Chumky et al.
2022). Factors such as urban expansion into flood-prone zones,
deforestation, and inadequate drainage infrastructure have
compounded global flood vulnerability, especially in low- and
middle-income regions (Singh et al. 2023).

This growing global trend is acutely reflected across Africa, where
climate variability, rapid population growth, and weak infrastructural
systems intensify exposure to flooding (Isa et al. 2023). In 2022
alone, over 4 million people across 20 African countries were
affected by floods, particularly in West and Central Africa (Babati
et al. 2025). The consequences are widespread, including

disrupted livelihoods, destroyed infrastructure, displaced
populations, and increased outbreaks of waterborne diseases
(Bello et al. 2022). With urban planning often lagging behind
urbanization, African cities and rural communities alike remain
highly vulnerable to both flash and riverine flooding (Okorafor and
Chikwue 2021). Nigeria, as Africa’s most populous country,
continues to grapple with increasing flood occurrences and their
devastating impacts (Cirella and lyalomhe 2018). Historical events
such as the 2012 and 2022 floods left millions displaced, thousands
of hectares of farmland submerged, and hundreds of lives lost
(Isukuru et al. 2024). The 2022 flood alone killed over 600 people,
affected more than 1.4 million citizens, and caused long-lasting
socio-economic damage across multiple states (Olamilekan et al.
2024). These flood events are most intense in areas adjacent to
major river systems, such as the Niger and Benue rivers, where
topographic and infrastructural vulnerabilities intersect (Umar and
Gray 2023).

Among the regions most affected is Niger State in North-Central
Nigeria. Bordered by the River Niger and intersected by various
tributaries, Niger State is consistently listed among the most flood-
prone states in the country (Musa et al. 2015). Local Government
Areas (LGAs) like Lavun, Gbako, and Mokwa are regularly
impacted by seasonal floods that destroy homes, displace families,
and disrupt transportation and agriculture (Ndanusa et al. 2022). In
2022, large areas of farmland were submerged, resulting in
significant economic losses and heightened food insecurity (Akoji
et al. 2025). Yet despite these repeated disasters, comprehensive
vulnerability assessments at the local level remain insufficient.
Mokwa Local Government Area, in particular, stands out due to its
high exposure to flood hazards. Located along the banks of the
River Niger, Mokwa is characterized by low-lying terrain, poor
drainage systems, high rainfall intensity during the wet season, and
increasing pressure from agricultural expansion and settlement
near waterways (Nagya et al.2024). The situation escalated further
in June 2025, when Mokwa experienced a devastating flood event
following prolonged rainfall. The flood submerged numerous
communities, displaced thousands of residents, and caused
extensive damage on farmlands, road infrastructure, and public
facilities (Egigogo 2025). This recent disaster stresses the urgent
need for a spatially informed, data-driven vulnerability assessment
to effectively guide response and preparedness strategies in the
affected area.

Given the complexity and recurrence of flood events in Mokwa,
there is a need for a more integrative approach to vulnerability
assessment. Globally, disaster risk reduction has shifted toward
the use of multi-criteria decision-making tools, such as the Analytic
Hierarchy Process (AHP), which enable researchers and planners
to combine multiple environmental and physical factors into a
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single composite analysis (Gacu et al. 2025). Among the
components of vulnerability, physical vulnerability remains
especially critical in regions like Mokwa, where the terrain, soil
characteristics, drainage density, and land use patterns directly
influence flood severity and impact.

This study employs a multi-criteria assessment framework
centered on physical vulnerability to evaluate flood risk in Mokwa.
By integrating variables such as soil organic carbon, silt content,
sand content, clay content, distance to built-up area, distance to
road, elevation, rainfall, slope, drainage density, distance to river
and land use/land cover within a GIS environment, and applying
AHP to assign relative weights, the study provides a detailed,
spatially explicit vulnerability map. Unlike previous studies that
often rely solely on historical rainfall or flood incidence data, this
research uses a layered, analytical approach that reflects the
spatial heterogeneity of risk within the study area.

STUDY AREA

Mokwa Local Government Area (LGA) is situated in the
southwestern part of Niger State, Nigeria. Geographically, it lies
between latitudes 9°10'N and 10°00'N and longitudes 4°25'E and
5°20'E, placing it within Nigeria's central region. Relative to its
surroundings, Mokwa shares boundaries with Bida LGA to the
north, Katcha and Lapai LGAs to the east and northeast, Edu LGA
in Kwara State to the south, and Borgu LGA (Kebbi State) to the
west (Figure 1). The area serves as a strategic transport and trade
corridor, linking northern and southwestern Nigeria through major
federal roads and rail routes. Mokwa experiences a tropical
savanna climate (Aw), characterized by distinct wet and dry
seasons. The rainy season typically spans from April to October,
with peak between July and September, while the dry season
extends from November to March. Annual rainfall ranges from
1,000 mm to 1,300 mm, and temperatures fluctuate between 24°C
and 37°C, with the hottest months occurring from February to April
(Odekunle 2004). Humidity is relatively high during the wet season
and low during the Harmattan period, which brings dry and dusty
winds from the Sahara between December and February.
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Figure 1: Index map of Niger State showing the delineation of the
study area (Mokwa LGA).

Hydrologically, Mokwa is richly endowed with water resources,
most notably the River Niger, which forms its southern boundary
(Abrate et al. 2013). The area also features seasonal streams and
tributaries that support agricultural and domestic activities. The
Jebba Dam and Reservoir, located just southwest of Mokwa, play

a significant role in regional water regulation. Despite these
resources, parts of Mokwa are vulnerable to seasonal flooding,
particularly in the low-lying floodplains adjacent to the River Niger
(Musa et al. 2015). Poor drainage infrastructure in rural
communities exacerbates this vulnerability during periods of heavy
rainfall. The geomorphological landscape of Mokwa consists
mainly of undulating plains, floodplains, and isolated rocky
outcrops (Alhaji 2022). The underlying geology of the area consists
primarily of Precambrian basement complex rocks, while the
floodplains are characterized by alluvial deposits. Elevations
generally range from 100 to 250 meters above sea level, with
gentle slopes that favor both agriculture and water accumulation
(Baba et al. 2022). The soils are mostly sandy loam and alluvial,
which are fertile but susceptible to erosion and flooding when
vegetation cover is removed (Musa et al. 2022).

Vegetation in Mokwa is typical of the Southern Guinea Savanna,
characterized by a mix of tall grasses and scattered trees such as
baobab, shea, and acacia (Mustapha et al. 2022). Along
riverbanks, denser gallery forests are present, supporting
biodiversity and protecting river channels from erosion (Jidauna et
al. 2017). However, increasing human activities, such as farming,
grazing, and fuelwood harvesting, have led to significant vegetation
degradation. This loss of vegetative cover has heightened the risk
of surface runoff and soil erosion, contributing to the area's flood
vulnerability (Baba et al. 2022).

MATERIALS AND METHODS

The methodology adopted for this study integrates multiple
geospatial datasets and multi-criteria decision analysis to assess
flood vulnerability using the Analytical Hierarchy Process (AHP)
and fuzzy overlay techniques. The key datasets used include the
2024 annual average rainfall data obtained from the Nigerian
Meteorological Agency (NiMet), topographic maps such as slope
and elevation derived from the Shuttle Radar Topography Mission
(SRTM) 30m resolution DEM, and hydrological layers including
rainfall distribution, distance to rivers, and drainage density
generated using hydrology tools in ArcGIS. Additional
anthropogenic and environmental factors were considered,
including the distance to built-up areas and distance to roads. these
were extracted from the 2023 land use/land cover (LULC)
classification of the study area, which was derived from Landsat-9
satellite imagery and classified using supervised classification in
ERDAS Imagine. Soil data layers—clay, sandy, and silt maps, as
well as Soil Organic Carbon (SOC) were sourced from the
Harmonized World Soil Database (HWSD) and reprojected to
match the coordinate reference system of the other spatial
datasets.

During the data pre-processing phase, all raster layers were
clipped to the study area, resampled to a common spatial
resolution of 30m, and converted into thematic raster layers where
necessary using ArcGIS and QGIS. Each layer was reclassified
into five classes based on natural breaks (Jenks), quantiles, or
expert knowledge, where class values ranged from 1 (very low
vulnerability) to 5 (very high vulnerability). Proximity layers such as
distance to river, road, and built-up areas were generated using the
Euclidean Distance tool in ArcGIS. For flood vulnerability
classification, the Analytical Hierarchy Process (AHP) was
employed to assign weights to each factor based on their relative
importance in contributing to flood risk. A pairwise comparison
matrix was constructed, and expert judgment was applied to score
the comparative influence of each factor on flooding. The
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eigenvector method was used to derive the final weights, and the
Consistency Ratio (CR) was computed to ensure reliability
(acceptable if CR < 0.1). The weighted layers were then combined
using the Weighted Overlay tool in ArcGIS to produce the AHP-
based flood vulnerability map.

Subsequently, a fuzzy overlay analysis was performed to enhance
the classification by accounting for the uncertainty and continuous
nature of environmental phenomena. Each input layer was
normalized using fuzzy membership functions (e.g., small, large,
linear) based on their relationship to flood susceptibility. For
instance, slope was assigned a ‘fuzzy small’ function, as lower
slopes indicate higher flood risk. The Fuzzy Overlay tool with the
Gamma operator (y = 0.9) was applied to integrate all fuzzy-
normalized layers, resulting in a continuous flood vulnerability
surface. Finally, the output was classified into five vulnerability
zones: Very Low, Low, Medium, High, and Very High, to support
effective spatial planning and disaster risk management.

RESULTS AND DISCUSSION
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Figure 2: Distance to River

Figure 2 show the spatial distribution and reclassification of
distance to rivers in relation to flood physical vulnerability in the
study area. On the left side, the map shows the raw distance-to-
river data, with values ranging from 0 to 24,239.22 meters. Areas
closer to rivers are represented by warmer colors (red, orange,
yellow), while areas farther from rivers are represented by cooler
colors (green tones). On the right side, the same data has been
reclassified into five distinct categories of flood vulnerability based
on proximity to rivers: “Very High” vulnerability (class 5) to rivers,
while “Very Low” vulnerability (class 1) rivers. Proximity to rivers is
a key flood risk. Flooding due to direct overbank flow during heavy
rainfall or river overflow events. The reclassified map clearly
supports this concept: regions near river channels are classified as
"Very High" and "High" in terms of flood vulnerability. These areas
are most susceptible to inundation, especially during peak
discharge periods or in the absence of adequate flood protection
infrastructure. Conversely, areas that are situated farther from
rivers fall into the “Low” or “Very Low” vulnerability classes,
indicating reduced exposure to fluvial flooding. The findings are
consistent with previous studies. For instance, Adeyemi and
Komolafe (2025) and Aladejana and Ebijuoworih (2024) both
emphasized that distance to the river is one of the most influential
parameters in flood hazard modeling. Their results also showed
that areas closest to rivers consistently exhibited the highest flood
risk. Similarly, Kumar et al. (2025) and Rahmati et al. demonstrated

through spatial modeling that proximity to rivers had the strongest
correlation with historical flood events across different basins.

In contrast studies such as Al-Kindi and Alabri (2024) caution that
although proximity to rivers is crucial, it must be analyzed in
conjunction with other factors such as land use, slope, sail
permeability, and drainage density to fully understand flood
dynamics. This study, however, reaffirms the primacy of river
proximity as a standalone indicator, especially in predominantly
fluvial flood-prone zones.
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Figure 3: Rainfall map and Reclassified Rainfall map

Figure 3 shows the rainfall map and the reclassified rainfall map.
The rainfall map shows spatial variations in annual average rainfall
across the study area. On the left panel, the reclassified rainfall
intensity is grouped into five classes: 0-35 mm, 36-40 mm, 40-50
mm, 50-60 mm, and 60-70 mm, with higher rainfall values shown
in orange and red tones. The right panel converts these rainfall
classes into a vulnerability map, where the areas with higher rainfall
(50-70 mm) correspond to higher flood vulnerability levels,
classified from “Very Low” to “Very High.”

From the reclassified vulnerability map, it is evident that a large
portion of the study area falls within the “Low” vulnerability class,
shown in blue. However, narrow zones along the riverbanks and
certain low-lying areas experience relatively higher rainfall and thus
are more prone to flooding. The positive correlation between high
rainfall zones and higher flood vulnerability aligns with established
hydrological principles: the more intense the rainfall over time, the
higher the surface runoff, particularly in areas with poor drainage,
impermeable surfaces, or low slope gradients. This finding agrees
with the conclusions of Umar and Gray (2023), who reported that
rainfall is one of the most significant contributors to flood
generation, especially in regions with inadequate natural or artificial
drainage systems. Similarly, Aliyu et al. (2024) emphasized that
areas with high rainfall intensity tend to experience higher flood
frequencies and severities, particularly when combined with other
vulnerability factors such as poor land cover and low infiltration
rates.
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Figure 4: Spatial Distribution of Drainage Density and lts
Reclassified Map Showing Vulnerability Levels

Figure 4 shows the drainage density and reclassified drainage
density map. The result derived from the drainage density maps
provides a significant insight into the spatial relationship between
surface hydrological characteristics and flood vulnerability within
the study area. This highlights the significant role of drainage
patterns in influencing flood risk within the study area. The left
panel of the map displays a continuous surface of drainage density
values, which range from 171.60 km/km? to 225.39 km/km?. These
values have been spatially reclassified into five classes on the right
panel, corresponding to vulnerability levels: Very Low, Low,
Medium, High, and Very High. The reclassified map clearly shows
that areas with high drainage density (values between 215.27 —
225.39 km/km?) are mostly located in the western and southeastern
parts of the study area and are classified under the “Very High”
flood vulnerability category. This indicates that these areas
possess a dense and tightly connected drainage network, which
tends to facilitate rapid runoff accumulation during heavy rainfall,
thereby increasing the likelihood of flooding. Water does not easily
infiltrate in such a region water infiltration is limited due to the swift
concentration of flow into channels, especially where topography
and soil types further limit percolation.

Conversely, areas with low drainage density (171.60 — 185.10
km/km?) appear in the central and northeastern zones, and are
categorized under the “Very Low” or “Low” vulnerability classes.
These regions likely contain fewer stream channels and more
permeable or flat surfaces, which reduce the rate of surface runoff,
thereby decreasing the probability of flood occurrence. This spatial
pattern reflects a direct and logical correlation: as drainage density
increases, flood vulnerability increases due to faster water
concentration and reduced infiltration opportunities. This supports
the use of drainage density as a critical parameter in flood modeling
and early warning systems.

The result is consistent with empirical findings in similar
geographical and climatic contexts. For instance: Yusuf et al.
(2023), in their study in Anambra State, Nigeria, found that areas
with higher drainage density were significantly more susceptible to
flooding due to concentrated runoff and reduced infiltration time.
Tudunwada and Abbas (2022) showed through GIS-based flood

hazard mapping in Jigawa State, Northern Nigeria that high
drainage density was among the top contributing factors to flood-
prone zones. Akhter et al. (2025) also demonstrated that drainage
density is among the most statistically significant variables in flood
susceptibility modeling using machine learning approaches.
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Figure 5: Slope Map and Reclassified Slope Categories

Figure 5 shows the slope and reclassified Slope. The slope maps
provided illustrate the spatial variation in terrain gradient and its
relationship to flood physical vulnerability across the study area.
The left map presents the original slope data, with values ranging
from 0 to approximately 89.99 degrees. These values have been
reclassified into five classes in the right map, representing levels of
flood vulnerability—from "Very Low" (class 1) to "Very High" (class
5). Areas with gentle slopes (near 0 degrees) dominate the region,
particularly in the central and southeastern zones, and are
predominantly classified under “Very High” and “High” flood
vulnerability. In contrast, regions with steeper slopes are mostly
found in limited pockets, indicated in red and yellow on the left map,
and correspond to “Very Low” or “Low” flood vulnerability on the
right map.

This spatial distribution follows a well-established hydrological
principle: gentle or flat slopes tend to accumulate and retain
surface runoff, thereby increasing the likelihood of water stagnation
and flooding, especially during heavy rainfall. Steep slopes, on the
other hand, promote rapid surface water flow and drainage,
reducing the residence time of water on the surface and thus
lowering the probability of flood occurrence. The reclassified slope
map clearly captures this pattern, indicating that flatter terrains are
more flood-prone due to their limited natural drainage potential.
This result aligns with findings from several empirical studies. For
instance, Adeyemi and Komolafe (2025) observed that slope was
a critical factor in flood hazard modeling lower Niger River basin,
Nigeria, with flood susceptibility decreasing as slope increased.
Similarly, Ozegin and llugbo (2025) found that areas with gentle
gradients had higher flood risk due to slower runoff velocities and
greater water accumulation. These studies support the results
observed in the current map, where flatter regions are consistently
categorized as more vulnerable.
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Figure 6: Elevation Map and Reclassified Elevation Map

Figure 6 shows the elevation and reclassified elevation map in the
study area. The elevation map in the left panel of the figure shows
the spatial variation of elevation values across the study area,
ranging from 1 to 4,059 meters. Lower elevations ranging from 1 to
260 metres are illustrated in darker green shades, while higher
exceeding 1,258 metres, appear in warmer colours such as yellow
and red. Elevation is a critical factor influencing flood vulnerability
because it determines how water flows across the terrain—areas
at lower elevations are typically more prone to water accumulation,
runoff concentration, and inundation.

On the right panel, the elevation values have been reclassified into
five categories reflecting flood vulnerability levels. Areas with the
lowest elevations are classified as “Very High” vulnerability,
whereas the highest elevation zones are categorised as “Very Low”
vulnerability. This reclassification reveals that the majority of the
flood-prone zones are located in areas of low elevation, particularly
along river corridors and valley floors. These zones are highly
susceptible to overland flow and surface water pooling during
rainfall events. In contrast, areas at higher elevations are less likely
to experience floodwaters, as runoff naturally flows away from
these elevated surfaces.

This result is consistent with findings from Ahmed et al. (2024), who
emphasized that low elevation is one of the most influential
parameters in flood hazard mapping. These studies showed that
flood risk significantly increases in low-lying terrain, especially in
basins where rainfall runoff accumulates rapidly. Additionally, Al-
Kindi and Alabri (2024) noted that elevation often inversely
correlates with flood risk, particularly in areas lacking adequate
drainage systems or with gentle slopes that delay water
evacuation.

https://dx.doi.org/10.4314/swj.v20i3.2

g S A o

. s
4|
H

M
—
.

1S
U

PN
2000
200N

e

e
eaa
sranaN

e

m

LOGEND

———

ey High

4T, S0, e P

Figure 7: Land Use Land Cover (LULC) Map and Reclassified
LULC Map

Figure 7 shows the LULC and Reclassified LULC Map of the study
area. The left map presents LULC distribution across the study
area, identifying five major land cover classes: water bodies (blue),
built-up areas (red), bare surfaces (light pink), vegetation (green),
and rocky surfaces (black). Vegetation and bare surfaces dominate
the landscape, with built-up areas sparsely distributed, mostly in
the central and southern regions. Water bodies are more
concentrated along the western and eastern boundaries. In terms
of flood physical vulnerability, land cover plays a significant role in
surface hydrology. Water bodies and built-up areas are particularly
critical: the former indicates existing flood-prone zones, while the
latter consists of impervious surfaces that limit infiltration and
increase surface runoff. Bare surfaces, though permeable, are
often compacted and lack vegetation cover, making them
vulnerable to erosion and flash floods. Vegetated areas, on the
other hand, provide better infiltration and act as buffers, reducing
flood intensity. These findings are supported by studies like that of
Alimi et al. (2022), which assert that areas with dense vegetation
exhibit significantly lower flood vulnerability than urbanized or
barren landscapes.

The right map is a reclassified version of the LULC data, structured
to reflect the influence of each land cover type on flood physical
vulnerability. It employs a scale from 1 (very low influence) to 5
(very high influence), where vegetation is classified as class 1 due
to its flood-mitigating properties, while water bodies are classified
as class 5 as they inherently represent flood-prone zones. Built-up
areas fall into class 4 due to their impervious nature, and bare
surfaces into class 3, reflecting their moderate vulnerability. Rocky
surfaces are classified as class 2, offering relatively low—but not
negligible—flood influence. The spatial pattern highlights high to
very high flood vulnerability (classes 4 and 5) primarily along water
channels and urban centers, especially in the west and southeast.
The central zone, rich in vegetation, predominantly shows low to
very low vulnerability. This classification aligns well with prior
research, including Ibitoye et al. (2020), which found that urban and
bare surfaces significantly increase flood risks due to reduced
permeability and disrupted natural drainage. However, some
debate remains regarding rocky areas, while generally resistant to
erosion, their flood impact may vary based on topography and soil
overlay. Overall, the reclassified map offers a more detailed and
insightful approach for evaluating flood risk, emphasizing how
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human activity and natural land cover interact to shape local flood
vulnerability.
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Figure 8: Distance to Road Map and Reclassified Distance to Road
Maps

Figure 8 show the spatial distribution of distance to roads and its
reclassification within the study area. The left map in the image
shows the original Distance to Road data, representing the
proximity of different areas to the nearest roads. The values range
from 0 to 0.23, where lower values (in dark green) indicate areas
very close to roads, and higher values (in red and orange) indicate
areas farther away. The spatial distribution reveal that much of the
central and northeastern portions of the study area lie in close
proximity to roads, whereas the southern and southeastern corners
are farther away. In the context of flood vulnerability, proximity to
roads can be a double-edged sword. On one hand, roads often
alter natural drainage patterns, compact soil, and increase
impervious surface coverage, thereby elevating flood risk in
adjacent areas. On the other hand, roads also play a vital role in
facilitating emergency response and evacuation efforts, thereby
helping to mitigate the impacts of flooding. Thus, areas closer to
roads—despite the hydrological disadvantages—may also benefit
from quicker post-disaster response. Studies such as those by
Njoku et al. (2020) note that proximity to roads can increase flood
exposure due to altered runoff dynamics, supporting the concern
shown in regions with low distance-to-road values on this map.
The right map represents the reclassified version of the Distance
to Road data, depicting how distance influences flood physical
vulnerability on a scale from 1 (very low influence) to 5 (very high
influence). In this classification, areas closer to roads are assigned
higher vulnerability classes (e.g., red for “High” and blue for
“Medium”), while regions farther away fall into the “Low” and “Very
Low” categories (black and green). This reclassification assumes
that closer proximity to roads exacerbates flood vulnerability due to
the likelihood of disrupted drainage, soil sealing, and infrastructure-
induced runoff. The spatial patterns indicate that vulnerability is
higher in the southeastern and southwestern zones—areas that
were earlier shown to be nearer to road networks—while
vulnerability is lower in the central and far eastern regions. This
assessment aligns with findings by Caleb and Chioma (2025), who
reported that road-adjacent areas are frequently exposed to urban
flooding due to inadequate drainage planning and road-induced
channeling of stormwater. However, it may diverge from studies
emphasizing the resilience-enhancing role of road infrastructure in
rural areas, where access is a lifeline during flood events.
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Figure 9: Distance to Build-up Map and Reclassified Distance to
Build-up Maps

Figure 9 shows the distance to built-up areas and the
corresponding reclassified map for the study area. The two maps—
the Reclassified Distance-to-Built-Up Area Map and the
Reclassified Flood Physical Vulnerability Map—present a spatial
comparison of how human settlement patterns influence flood risk
in the study area. Analyzing both maps together allows for a deeper
understanding of the role that proximity to built-up areas plays in
shaping physical flood vulnerability across the landscape. The left
map, the Distance-to-Built-Up Area Map, categorizes the study
area into five distance classes based on proximity to existing built-
up (urbanized) zones. These distance intervals—ranging from 0 to
22,850.09 meters—were grouped into five classes to simplify
analysis and interpretation. Specifically, the first class (0—4,121.97
m) represents areas very close to built-up zones, while the last
class (15,054.17-22,850.09 m) includes areas that are farthest
from settlements. These classes were reclassified on a scale of 1
to 5, where higher values (5) indicate close proximity to built-up
areas, and lower values (1) represent distant, likely rural or
undeveloped zones. This classification framework assumes that
proximity to human settlements increases exposure to flood risks,
which is evident in the corresponding flood physical vulnerability
map, where zones closest to built-up areas (5) frequently align with
regions of medium to high vulnerability. The rationale behind this
relationship lies in the nature of urban development—impervious
surfaces in built-up areas prevent water infiltration and increase
runoff, while poorly planned drainage systems often exacerbate
flooding in these densely developed zones.

The right map, the Reclassified Flood Physical Vulnerability Map,
shows how susceptible different areas are to flooding based on a
combination of physical and environmental variables, such as
topography, land cover, and proximity to both natural and human
features. This map uses color-coded categories, ranging from Very
Low (blue) to High (red) vulnerability. Spatially, areas identified as
having higher flood vulnerability—particularly in the western part of
the map—closely correspond to zones classified as very close to
built-up areas in the distance map. Conversely, regions with lower
flood vulnerability are generally situated farther from settlements
and are more likely to be covered with vegetation or located in
undisturbed terrain.
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Together, the two maps reveal a clear spatial correlation: areas
closer to built-up environments are more physically vulnerable to
flooding, whereas regions located farther away generally
experience lower vulnerability. This trend is explained by the fact
that built-up areas often consist of impervious surfaces, such as
concrete and asphalt, which inhibit natural infiltration of rainfall.
These surfaces generate higher surface runoff during storms,
overwhelming drainage systems and increasing flood risks for
nearby areas. Furthermore, human settlements tend to encroach
on natural waterways or low-lying zones, often without proper
hydrological planning, which disrupts the natural flow of water and
contributes to localized flooding. In contrast, areas far from human
settlements typically feature natural vegetation and permeable
soils, both of which help reduce runoff and buffer the impacts of
intense rainfall.

The spatial pattern observed in the maps supports findings from
various studies in both urban and peri-urban contexts. For
example, Salami et al. (2017) report that unregulated urban sprawl
and informal settlement expansion in Nigerian cities have
significantly increased flood risk in areas surrounding built-up
zones. Ifatimehin et al. (2020) likewise identified proximity to
settlements as a significant factor influencing flood vulnerability in
the floodplains of north-central Nigeria. However, some contrary
findings exist. Studies like Effiong et al.( 2024) noted that not all
urban areas are highly vulnerable, especially where proactive
measures—such as well-designed drainage infrastructure,
elevated construction, and land-use zoning—are implemented.
This suggests that while proximity to built-up areas generally
increases vulnerability, this relationship can be moderated by the
quality of urban planning and infrastructure.

Figure 10 presents the clay content and its reclassified version. The
two maps—the Clay Content Map (left) and the Reclassified Flood
Physical Vulnerability Map (right)—together provide a detailed
spatial understanding of how soil texture, particularly clay
concentration, influences flood risk in the study area. The Clay
Content Map illustrates the distribution of clay across the
landscape, with values ranging from 3.04 to 9.37. Areas with higher
clay content—depicted in red and orange shades—are
concentrated in the southern and southeastern parts of the study
area, while regions in the north and northeast show lower clay
values (green to yellow). High clay content signifies low soil
permeability and high-water retention, meaning rainfall is less likely
to infiltrate the ground. Instead, it generates greater surface runoff,
leading to waterlogging and flooding, especially in flat or poorly
drained areas. Therefore, the spatial concentration of clay is a key
factor contributing to flood hazards.

https://dx.doi.org/10.4314/swj.v20i3.2
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Figure 10: Clay Content Map and Reclassified Flood Physical
Vulnerability Based on Clay Content

The reclassified flood map, on the right, divides the landscape into
five categories of flood risk—from Very Low (cyan) to Very High
(dark blue). Notably, areas of High and Very High vulnerability are
predominantly located in the southern and central zones, which
spatially correspond with the high-clay regions identified in the clay
content map. This pronounced spatial correlation indicates that
clay-rich soils play a significant role in amplifying flood vulnerability.
Conversely, areas with low clay content primarily in the northwest
and northeast—are generally classified as Low or Very Low in
terms of flood vulnerability, suggesting better natural drainage and
higher soil permeability in these areas. However, the vulnerability
map also incorporates other critical factors such as slope,
elevation, land use, and proximity to water bodies, which explains
why some areas with moderate clay content still fall into medium or
high vulnerability classes, highlighting the multifactorial nature of
flood risk.

The patterns observed in both maps are consistent with findings
from numerous hydrological studies. Researchers such as Adelana
(2024) and Ozegin and llugbo (2025) have emphasized that clayey
soils significantly reduce infiltration and increase flood potential.
These findings affirm that clay content is not only a standalone
flood driver but also a significant component within broader flood
vulnerability assessments.
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Figure 11: Sand Content Map and Reclassified Sand Content
Maps
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Figure 10 show the sand content and reclassified sand content
maps. The two maps provided represent sand distribution (left) and
its reclassification based on its influence on flood physical
vulnerability (right). Each map offers a spatial insight into the role
of sand content in modulating the landscape’s susceptibility to
flooding, which is an essential component of comprehensive flood
risk assessment. The first map (left) illustrates the spatial
distribution of sand content across the study area. The sand
content ranges from 5.40% to 13.98%, with a clear gradation from
green (low sand content) to red (high sand content). The central
and northwestern portions of the region are predominantly shaded
in red and orange tones, indicating high sand content, in contrast
the southern and southeastern regions are characterised by lower
sand content, represented by green tones.

In the context of flood vulnerability, areas with higher sand content
generally have greater infiltration capacity, which tends to reduce
surface runoff and thus may lower flood risk. However, in some
cases, particularly in flat terrain, sandy soils can also become
saturated quickly, reducing infiltration efficiency and contributing to
local flooding. The map provides a foundational geotechnical
context for interpreting flood vulnerability but does not directly link
sand content to flood hazard levels.

The second map (right) is a reclassified version of the sand
distribution map, categorizing areas based on the degree of
influence of sand content on flood physical vulnerability. This map
uses a five-class scale: from 1 (Very Low) to 5 (Very High)
influence. Interestingly, the regions with low sand content (from the
first map) are now assigned with higher influence values (4&5) in
the reclassified vulnerability map, particularly across the southern
and southeastern. This suggests that low sand content correlates
with higher flood vulnerability, likely due to poor drainage and
higher runoff potential. Conversely, areas with high sand content
are mostly reclassified into lower influence categories (1 and 2),
supporting the understanding that sandier areas tend to be less
vulnerable to floods due to better permeability.

These observations are consistent with previous studies. For
example, a study by Otuaro et al. (2024) in southwestern Nigeria
highlighted that sandy soils are generally associated with lower
flood risk due to their higher infiltration capacity. In contrast,
Chinedu et al. (2024) found that areas with lower sand content
exhibited increased surface water retention and higher flood
incidences. The findings shown in these maps align well with such
studies, strengthening their reliability. However, in some deltaic
environments or areas with compacted sandy layers, exceptions
have been noted, where sand-rich soils still experienced localized
flooding due to topography or land cover modifications—this
nuance should be noted when generalizing the results.
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Figure 12: Silt Content Map and Reclassified Silt Content Maps

Figure 12 shows the silt content and reclassified silt content maps
of the study area. The two maps presented illustrate the spatial
variation of silt content and its influence on flood physical
vulnerability across the study area. The first map shows the actual
distribution of silt, with values ranging from 2.03% to 6.45%. Higher
silt concentrations, represented by red and orange shades, are
mainly found in the southern and southeastern parts of the region,
indicating zones of potential sediment deposition and reduced
infiltration capacity. These areas are often more prone to flooding
due to the fine texture of silt, which tends to compact and reduce
the soil’s ability to absorb water, thus increasing surface runoff. In
contrast, the central and northern regions, shaded green and
yellow, exhibit lower silt content, suggesting better drainage
conditions and relatively lower flood susceptibility.

The second map presents a reclassified version of silt content,
illustrating its influence on flood vulnerability, using a five-class
scale where 1 represents very low influence and 5 represents very
high influence. In this reclassified map, areas with high silt content
from the first map are now predominantly categorized under high
and very high influence classes. This reclassification confirms that
silt content is a significant factor contributing to flood risk, especially
in areas where natural drainage is poor. The map highlights that
low-lying or depositional regions with high silt accumulation are
more vulnerable to flood events due to the reduced permeability
and delayed infiltration caused by the fine soil particles.

These findings are consistent with several other studies. For
instance, Chinedu et al. (2024) reported that silt-dominated soils in
southwestern Nigeria contributed significantly to urban flooding due
to their low infiltration rates. Similarly, Ozegin and llugbo (2025)
found that communities located on silt-rich floodplains in Nigeria
experienced frequent flood events, emphasizing the role of soil
texture in flood hazard mapping. In a related study, Abah and Petja
(2017) emphasized that elevated silt levels in riverine areas of the
Lower Benue Basin heightened flood risk, particularly during peak
rainfall months. The spatial relationship depicted in these maps
corroborates earlier findings, further substantiating the argument
that elevated silt content contributes significantly to heightened
flood physical vulnerability.

Overall, both maps serve as important tools for flood risk
assessment and can guide planning decisions aimed at reducing
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vulnerability in silt-prone areas.
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Figure 13: Soil Organic Carbon (SOC) Map and Reclassified SOC
Map

Figure 13 shows the SOC and Reclassified SOC maps of the study
area. The first map on the left illustrates the spatial distribution of
SOC across the study area, with values ranging from 0.27 to 6.93.
The color gradient from green to red represent increasing SOC
content, with green areas representing low SOC and red areas
indicating high SOC levels. Notably, higher SOC values are
concentrated in the southern and southeastern parts of the region,
while lower values are more prevalent in the northern and some
southwestern zones. From a hydrological standpoint, higher SOC
levels generally enhance soil structure, improve water infiltration,

Table 1: Criteria Weights of the Nine Variables

Key= Soil Organic Carbon (SOC), Distance to Road (DRD), Land
Use/Land Cover (LULC), Elevation (ELV), Slope (SLP), Rainfall
(RF), Drainage

SIN | Criteria Calculated Weight
1 Soil Organic Carbon (SOC) 0.041
2 Distance to Road (DRD) 0.072
3 Land Use/Land Cover (LULC) | 0.198
4 Elevation (ELV) 0.168
5 Slope (SLP) 0.129
6 Rainfall (RF) 0.148
7 Drainage Density (DD) 0.101
8 Distance to Built-Up (DB) 0.061
9 Distance to River (DR) 0.082

https://dx.doi.org/10.4314/swj.v20i3.2

and increase moisture retention, all of which contribute to reducing
surface runoff and mitigating flood risk. Therefore, areas with high
SOC values in this map may be inherently more resilient to
flooding. This result aligns with findings by Akpoveta et al. (2014),
who emphasize that high SOC enhances soil's capacity to absorb
water, thereby playing a critical role in flood prevention. On the
other hand, areas with low SOC are likely to have poor infiltration
and increased runoff, making them more susceptible to flood
hazards.

The second map on the right presents a reclassified version of the
SOC data, categorizing it into five classes based on its influence
on flood physical vulnerability. Here, SOC values have been
translated into vulnerability levels, with class 1 (blue) indicating
very low influence on flood vulnerability—implying greater
resilience—and class 5 (yellow) indicating very high influence—
signifying higher susceptibility to flooding. This classification
reveals that areas in the northern and central parts, which had
higher SOC in the first map, fall under classes 1 and 2, indicating
lower flood vulnerability. In contrast, southern and southeastern
areas, previously shown to have moderate to low SOC, are now
classified under classes 4 and 5, suggesting high flood
vulnerability. This transformation provides a clearer understanding
of how SOC directly influences flood risks. The reclassified map
supports findings by Alaoui et al. (2018), who argue that low SOC
levels lead to soil compaction and poor infiltration, thereby
exacerbating flood risks. While this approach effectively visualizes
the relationship between SOC and flood vulnerability, it is important
to acknowledge that flood risk is influenced by multiple interacting
factors. Topography, rainfall intensity, and land use practices also
play crucial roles and may influence the accuracy of SOC-based
vulnerability assessments. Nonetheless, the reclassified map
offers a valuable tool for integrating soil data into flood risk
management strategies.

Density (DD), Distance to Built-Up (DB) and Distance to River (DR)
A<sub>max</sub>: 9.00

Consistency Index (Cl): 0.000

Random Index (RI): 1.45

Consistency Ratio (CR): 0.000

Table 1 presents the assigned weights for the nine criteria used in
the analysis. The results presented in the table offer a systematic
evaluation of flood vulnerability drivers using expert-informed
criteria weights. The most influential factors in this assessment
were Land Use/Land Cover (LULC) with a weight of 0.198, followed
by Elevation (0.168) and Rainfall (0.148). These factors reflect the
primary geophysical and environmental elements that shape flood
dynamics in Mokwa, Niger State. Land use influences surface
runoff and infiltration capacity, elevation controls the flow path and
accumulation zones, and rainfall acts as the direct hydrological
trigger for flooding.

Moderately weighted factors such as Slope (0.129), Drainage
Density (0.101), and Distance to River (0.082) are equally vital.
Steeper slopes can accelerate runoff, while areas closer to rivers
tend to be more prone to inundation. Drainage density, which
reflects the extent to which an area is dissected by streams and
rivers, influences water retention and surface runoff accumulation.
Distance to Road (0.072) and Distance to Built-Up Area (0.061)
exhibit relatively lower, yet still significant, influence, primarily due
to anthropogenic modification of drainage patterns and the
vulnerability of infrastructure. The Soil Organic Carbon (SOC)
factor, with the lowest weight (0.041), reflects its indirect role in
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flood risk, primarily affecting soil structure and erosion rather than
flood volume or flow directly.

The consistency of these judgments was validated using the
internal validation metrics of the Analytic Hierarchy Process (AHP).
A Consistency Index (Cl) of 0.000 and a Consistency Ratio (CR) of
0.000 (with A<sub>max</sub> = 9.00 and Rl = 1.45 for n = 9)
indicate perfect consistency in the pairwise comparisons,

suggesting highly logical and proportional decision-making across SIN | Degree of Vulnerability | Area Covered KM3
the criteria. This weighting scheme aligns closely with findings in 1 Very Low 223
several related studies. For instance, Adeyemi and Komolafe
(2025) emphasized LULC and elevation as dominant in 2 Low 303
determining flood vulnerability in the Niger River basin. Similarly, 3 Medium 1473
Tiepolo and Galligari (2021) highlighted the influence of rainfall 4 High 1624
patterns and slope steepness in flood-prone urban and peri-urban -
zones in central Nigeria. 5 Very High 516
Total 4139
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Figure 14: Physical Vulnerability Map

The physical vulnerability map is presented in figure 13. The figure
shows the spatial distribution of flood vulnerability across the study
area, categorized into five classes: Very Low, Low, Medium, High,
and Very High. The classification shows a clear gradient from the
eastern to the western parts of the region. The eastern flank,
particularly along the narrow stretch bordering water bodies,
exhibits predominantly “Very Low” to “Low” vulnerability (shaded in
dark and light green), suggesting higher elevation, more effective
drainage, or distance from flood-prone rivers. In contrast, the
central and western areas are dominated by “High” and “Very High”
vulnerability zones (orange and red), likely due to lower elevation,
higher drainage density, and proximity to rivers or poorly drained
basins.

This spatial pattern aligns with topographic influences, where
lower-lying and flatter terrains often correlate with higher flood
susceptibility. The central convergence of “High” and “Very High”
classes also indicates potential flood basins or areas of runoff
accumulation, especially in regions with compromised soil
infiltration capacity or intensive land use activities such as
agriculture and urbanization. Comparatively, the findings resonate
with studies such as Umar and Gray (2023), who identified that
flood vulnerability is often higher in low-lying and densely populated

zones of Nigeria, where drainage infrastructure is either inadequate
or poorly maintained. Similarly, Alimi et al. (2022) noted that areas
with poor topographic slope and high rainfall intensity, especially
around urban fringes, are more exposed to flood hazards.

Table 2: Spatial Distribution of Flood Vulnerability Classes and
Area Coverage in the Study Area (km?)

Table 2 presents the spatial distribution of flood vulnerability
classes along with their corresponding area coverage (in km?)
across the study area. The tabulated data provides valuable insight
into the spatial extent of each flood vulnerability class across the
study area, totaling 4,139 km?2. The analysis of the area covered by
each class reveals a significant variation in vulnerability
distribution, which is crucial for targeted planning and intervention.
The "High" vulnerability class occupies the largest area, covering
approximately 1,624 km?, which constitutes nearly 39.2% of the
total study area. This indicates that a substantial portion of the
landscape is highly susceptible to flooding, likely due to a
combination of physical factors such as proximity to water bodies,
low elevation, gentle slopes, as well as anthropogenic influences,
including deforestation and inappropriate land use practices.

Following closely is the "Medium" vulnerability class, which

LEGEND occupies around 1,473 km? or 35.6% of the study area, indicating
I a considerable extent of moderate flood risk. This suggests that
i e w m £ Medum over one-third of the region is moderately at risk, which could
_—— escalate to high vulnerability with changes in rainfall patterns or

increased human activity. The widespread distribution of this class
highlights the transitional nature of vulnerability across the
landscape. The "Very High" vulnerability class spans 516 km?,
accounting for 12.5% of the total area. This zone represents critical
hotspots where flood risk is most severe. These areas should be
prioritized for mitigation efforts, infrastructure reinforcement, early
warning systems, and potentially relocation strategies if
settlements are present. On the lower end, the "Low" vulnerability
class covers 303 km? (7.3%), while the "Very Low" class occupies
the smallest area, 223 km? (5.4%). These zones are likely situated
on higher elevations or areas with better natural drainage and less
exposure to direct runoff or river overflow. While they are relatively
safe, they still require monitoring, especially in the face of climate
change and land use dynamics. This distribution shows that over
87% of the land area falls under medium to very high vulnerability,
underscoring the urgent need for integrated flood control
measures. The data supports the development of adaptive land
use planning, improved drainage systems, afforestation programs,
and community-based resilience initiatives in the most vulnerable
zones.

Conclusion

This study conducted an integrated geospatial and multi-criteria
evaluation of flood physical vulnerability in Mokwa Local
Government Area, Niger State, Nigeria. Using eleven physical and
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anthropogenic variables—such as elevation, slope, rainfall,
drainage density, proximity to rivers and roads, land use/land cover
(LULC), and soil properties including sand, silt, clay, and soil
organic carbon (SOC)—the research generated reclassified
thematic layers and a composite vulnerability map. Each factor was
individually assessed for its influence on flood risk and synthesized
using the Analytical Hierarchy Process (AHP) to assign appropriate
weights. The findings highlight that flood vulnerability in the study
area is driven by a combination of natural terrain features and
human-induced land alterations. Areas with low elevation, gentle
slopes, high rainfall, dense drainage networks, proximity to rivers
and built-up areas, and clay-rich soils were identified as highly
vulnerable to flooding, while those with sandy soils, higher
elevation, extensive vegetation, and high SOC exhibited lower
susceptibility due to better drainage and infiltration capacity. The
AHP analysis showed that LULC (0.198), Elevation (0.168), and
Rainfall (0.148) were the most influential parameters, with one
model yielding a perfect consistency ratio (CR = 0.000) and another
within acceptable limits (CR = 0.107), reinforcing the significant
impact of both natural and anthropogenic factors in shaping flood
dynamics. The composite vulnerability map categorized the
landscape into five classes: Very Low, Low, Medium, High, and
Very High. Notably, 39.2% of the area was classified as High
vulnerability and 35.6% as Medium, while 12.5% fell into the Very
High category, predominantly in the central and western zones—
together accounting for over 87% of the landmass being
moderately to severely at risk of flooding. These results are
consistent with previous studies that highlight the significant role of
river proximity, land use changes, and terrain characteristics in
determining flood susceptibility. Still, this research further
contributes by integrating soil characteristics—often neglected in
similar assessments—into the vulnerability framework. From a
policy and planning perspective, the study recommends preventing
new developments in High and Very High risk zones, enhancing
flood-resilient infrastructure such as drainage systems in urban and
road-adjacent areas, promoting soil conservation through
afforestation and organic matter enrichment, instituting early
warning systems and community preparedness programs, and
embedding geospatial flood risk data into land use and
development planning. Ultimately, the study illustrates the critical
importance of coupling geospatial analysis with decision-support
tools like AHP for a comprehensive understanding of flood risk. As
climate variability and land use pressures intensify, such integrative
methods are vital for evidence-based planning, disaster risk
reduction, and sustainable environmental governance in flood-
prone regions like Mokwa and beyond.
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