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Abstract: Flood risk management is crucial for climate change resilience. The Hadejia River basin
is known for severe and frequent floods, which have destroyed houses and farmlands and claimed
many lives. This study developed a GIS-based flood risk and vulnerability mapping assessment using
the Analytical Hierarchical Process (AHP) to outline scenarios that reduce risk and vulnerability
associated with floods in the Hadejia River basin. The risk mapping of the basin integrated seven
hydro-geomorphological indicators influencing extreme events (elevation, mean annual rainfall,
slope, distance from rivers, soil type, and drainage density) and six socio-economic vulnerability
indicators (population density, female population density, literacy rate, land use, employment rate,
and road network) using a multi-criterion analysis. The average annual rainfall data of 36 years
(1982–2018) were used for flood plain mapping in this study. Combining the flood hazard and socio-
economic vulnerability indices of the basin revealed high-to-very high flood risk in the downstream
and central upstream portions of the basin, which cover about 43.4% of the basin area. The local areas
of Auyo, Guri, Hadejia, Ringim, Kafin Hausa, and Jahun were identified as zones at a very high flood
risk. The study also revealed that flood hazard and vulnerability indicators have different influences
on flood risk. The validated results resonate with the records of previous flood distribution studies of
the basin. This research study is significantly important for developing strategic measures and policy
revision through which the government and relief agencies may reduce the negative impact of floods
in the Hadejia River basin.

Keywords: flood risk; flood hazard; socio-economic vulnerability; multi-criterion analysis; Analytical
Hierarchical Process (AHP)

1. Introduction

Floods are amongst the most catastrophic, frequent, and widespread natural disasters
worldwide, causing severe economic and environmental damage with devastating effects
on livelihoods [1–11]. About 47% of disasters related to weather are the result of floods [12].
About 34% of worldwide natural disasters from 1960 to 2014 were floods that caused
financial losses for over 2.5 billion USD per annum and the death of 1254 persons per
year [11,12]. Floods affected 2.8 billion people and killed 540,000 people between 1980
and 2009 across the world [13–15]. According to the IPCC [16], in the future, the African
Continent will experience a drastic increase in extreme hydrological events, including
floods. Studies showed that West Africa recently experienced precipitation above average
during the period of June to September when compared with the past 35 years [17]. In 2013,
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the Niger River floods in Benin destroyed more than 21,500 ha of crops and about 9200
houses [18]. Furthermore, 20% of the people living in the Mono River basin were displaced
by heavy rain, which caused severe floods in the downstream part of the basin in 2008 [19].
Adegboyega et al. [20] and Alfa et al. [5] showed that flooding accounts for the highest
losses resulting from extreme hydrological events in Nigeria. In 2018, floods affected more
than 1.9 million persons across 12 states in Nigeria, with the displacement of more than
500,000 from their households [21]. The main causes of flooding are related to the inability
of river channels to accommodate flood waters beyond carrying capacity [5]. This is the
case in most part of the Hadejia–Jama’are river system, where the failure of the river to
safely accommodate and discharge its runoff during peak rainy season resulted in the
flooding of many hectares of agricultural land and the submergence of several communities
along the river system over the last decades [22].

Human settlements are progressively becoming exposed to the risk of disasters. Sus-
tainable development goal (SDG) 11 calls for focus on making “ . . . cities and human
settlements inclusive, safe, resilient and sustainable” [23]. It is, therefore, imperative to
assess and provide management strategies for disasters. According to the Fifth Assessment
Report (AR5) of the Intergovernmental Panel on Climate Change, there is a predicted
increase of 20% is flooding in West Africa over the next decades relative to the previous
decades due to climate change, which may worsen and become severe by 2050 [24].

A Geographic Information System (GIS) is an important tool for mapping flood
risk [25–34]. Behazin et al. [18] and Ikirri et al. [34] argued that the integration of remote
sensing and GIS techniques coupled with the Analytical Hierarchical Process (AHP) are the
best techniques for flood risk and vulnerability assessment, especially in areas with sparse
or outdated data. This technique was adopted here for flood risk mapping and vulnerability
assessment in the Hadejia River watershed due to limited data. There is no unique way of
choosing the criteria used for developing a flood hazard layer [35]. However, several studies
used various criteria that contribute to flood hazard, such as slope, land use, distance from
streams, distance from drainage line, rainfall intensity, elevation, curvature, the topographic
wetness index (TWI), lithological units, and soil [3,7,24,28]. Stefanidis et al. [36] employed
a GIS and freely available data obtained from OpenStreetMap to analyse flood extent zones
in Greece. Another study by Ikirri et al. [34] utilized a GIS and the AHP to analyse flood
plain zones in the Taguenit Wadi watershed, Lakhssas, Morocco, by combining seven
parameters influencing extreme phenomena. Moreover, Yi [37] combined FEMA flood
maps and the USGS National structure database and assessed the exposure of Critical
Infrastructures in the United States using a GIS-based approach.

Several attempts were made by different researchers to analyse floods in the Hadejia
River basin, including [20,29,30]. Flood risk assessment in some parts was completed
by Ilyasu [22], who used questionnaires to assess the flood impacts on some selected
communities in the basin. Floods were simulated using HEC-RAS along some sections of
the river in 2013 by Yahaya et al. [38]. The authors reported on the construction of levees in
the overflown section to avert the consequence of flooding in the studied section. However,
the research study only considered a section of the river without simulating the whole
river due to the lack of hydrological data. This paper built on previous work, applying
an approach for analysing flood risk and vulnerability using multi-criterion evaluation
techniques coupled with a GIS and the AHP to evaluate strategies to manage the risk and
vulnerability associated with flooding in the Hadejia River basin. This study aimed to
develop a GIS-based framework for flood risk and vulnerability mapping and assessment
in the Hadejia River basin. The approach used easily accessible data and less tedious GIS
analyses for flood risk and vulnerability assessment. The findings of the research study
provide an insight into how high-flood-risk and vulnerability zones can be identified for
timely flood risk reduction.
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2. Material and Methods
2.1. Study Area

The Hadejia River basin is in the semi-arid northern part of Nigeria (Figure 1). The
Hadejia River source is from the Kano highlands, while the Jama’are river system has its
source in the Jos plateau. Among the major dams situated in the basin are the Tiga, Watari,
and Challawa Gorge dams, while the Kafin Zaki dam has only been proposed [39]. The
Hadejia River basin has an area of 30,569 Km2 and is located between the latitudes of
11◦32′08.4′ ′ N and 12◦26′24.8′ ′ N and the longitudes 8◦07′50.0′ ′ E and 10◦01′50.9′ ′ E. It is
situated in the semi-arid north-western part of the Federal Republic of Nigeria [40].
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The hydrology of the study area is dendritic in nature [41]. The observed mean annual
flow and the peak flow in the basin are 1396 m3/s to 43 m3/s and 597 m3/s to 38 m3/s, in
the wet season and dry season, respectively [40]. The basin includes the Tiga, Challawa
Gorge, and Watari dams [42]. Other notable water resource management and irrigation
projects in the basin are Kano River Irrigation Project (KRIP) and Hadejia Valley Irrigation
Project (HVIP) [43–45].

The climate system in the basin is regulated by two air masses, the south-west (SW)
and north-east (NE) trade winds [46]. The temperature of the basin rises to about 40 ◦C
between March and April and 12 ◦C between December and January [47]. Rainfall in
the area is known to vary spatially and temporally with the mean annual rainfall in the
north-east, midstream, and the extreme south of the basin, and it has values of about
600 mm, 800 mm, and 1000 mm, respectively [47].

The prominent vegetation found in the study area is savannah vegetation, dominated
by grasses and shrubs with scattered tree species [48]. The area has two distinct types of
savanna vegetation of Sudan Savanna and Sahel Savanna. The major economic activity in
the basin is agriculture [49], with about 80% of its surface area being arable land, supporting
about 85% of the total population [34,41].
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2.2. Data

Data are fundamental and essential for GIS analyses. The data in this research study
included those derived from remote sensing, meteorological stations, population com-
mission, and field surveys and focus group discussions. Thirty-six years of daily rainfall
data from 7 stations were obtained from Nigerian Meteorological Agency (NiMet) and
Hadejia–Jama’are River Basin Development Authority in Nigeria (HJRBDA). The popu-
lation census data of 2006 and 2011 were obtained from the official website of National
Population Commission (NPC) and National Bureau Statistics (NBS) at the LGA level
(https://www.nationalpopulation.gov.ng and https://www.nigerianstat.gov.ng accessed
on 25 October 2022), respectively. Other relevant data, such as the public perception of
flood disasters, factors responsible for floods, causes of floods in the study area, and his-
tory of previous flood events, were obtained through focus group discussions with the
stakeholders, policy makers, and local residents, as well as reconnaissance surveys.

The soil data of the basin were acquired from the Food and Agriculture Organization
(FAO) website (https://www.fao.org/geonetwork/srv/en/metadata.show?id=14116 ac-
cessed on 25 October 2022), while Landsat 8 OLI (Operational Land Imager) and SRTM
DEM (30 × 30) data were obtained from United States Geological Survey (USGS) (https:
//earthexplorer.usgs.gov accessed on 25 October 2022). The GPS coordinates of locations
that previously suffered floods were obtained using GPS equipment.

2.3. Development of Indicators of Flood Risk

According to Ntajal et al. [19], the most common procedures for developing indica-
tors for flood risk assessment using a GIS are those that include inductive or deductive
procedures. The deductive procedure was adopted and used to develop indicators. The
study considered flood risk as the product and function of flood hazard and socio-economic
vulnerability [7,28]. The methodological framework for the development of flood risk maps
and their assessment is shown in Figure 2.
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2.3.1. Selection of Flood Hazard Indicators

This study included hydro-geomorphic factors, as used by [7,8,50], such as elevation,
mean annual rainfall, slope, distance from rivers, soil, flow accumulation, and drainage
density, as they influence the flood hazard extent. Soil was used as the geological layer [50],
while flow accumulation and drainage density were included among the hydro-geomorphic
factors. These indicators were carefully selected based on the physiographic nature of the
studied basin. The basin has moderately high rainfall, clay soil type, and steep slopes,
among others, which enhances the likelihood of the occurrence of floods. Rainfall and land
use were included in few previous studies of mapping flood hazard using multi-criterion
analyses [27,50], but given the importance of short, high-intensity rain in Nigeria, the mean
annual rainfall was included among the criteria of flood hazard in the study.

2.3.2. Selection of Flood Vulnerability Indicators

Generally, flood vulnerability studies are based on the extent of potential harm inflicted
under various physical and socio-economic susceptibility and capacity measures in a
particular area in a particular time period [51]. This study adopted and modified the
socio-economic vulnerability indicators selected by [7,52,53] to suit the conditions of the
study area. The socio-economic indicators selected in this study were population density,
female population density, literacy rate, land use, employment rate, and road network.
These were selected because the study region is known to be among the most populous
parts of Nigeria, with more females than males and low literacy and employment rates.

2.4. Normalization of Flood Hazard and Vulnerability Indicators

The normalization of the indicators was completed using the method of UNDP’s
Human Development Index [19,54]. The functional relationships of the indicator values
with flood hazard and vulnerability were identified. Equations (1) and (2) were used for
the positive and negative functional relationships with flood hazard and vulnerability,
respectively [54].

Y = 1 + 9× (X− Xmin)

(Xmax − Xmin)
(1)

Y = 1 + 9× (Xmax − X)

(Xmax − Xmin)
(2)

where X represent the raw data; Xmax is the maximum value of the data; Xmin is the
minimum value of the data; and Y is the normalized value.

The indicators were normalized to values of 1 to 10 based on the functional relation-
ships of the variables with the flood hazard and vulnerability components.

2.5. Assigning Weights Using Analytical Hierarchical Process

The Analytical Hierarchy Process (AHP) is a semi-quantitative decision-making value
judgment approach in which experts, planners, and policy makers use their expertise
experience and knowledge to break a problem into a hierarchy structure in order to solve
it [3]. The AHP considers both objective and subjective factors to select the best alternatives.
In the present study, AHP Excel Template Version 2018-09-15 created by Klaus D. Goepel
(https://bpmsg.com accessed on 25 October 2022) was used for the pair-wise comparisons
and calculations of the weights and CRs [28]. In this pairwise comparison matrix, the
relative importance value of each factor was assigned by rating each factor against every
other factor based on a comparative scale, proposed by [55,56], that ranged between 1 and
9, where 1 is equal importance and 9 is extreme importance (the details are provided in
Table 1).

https://bpmsg.com
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Table 1. Saaty’s criterion weight scale.

Relative Importance Definition

1 Equal importance
2 Equal-to-moderate importance
3 Moderate importance
4 Moderate-to-strong importance
5 Strong importance
6 Strong-to-very strong importance
7 Very strong importance
8 Very-to-extremely strong importance
9 Extreme importance

A consistency check was performed by computing the consistency ratio (CR), which
depicted the quality of the pair-wise comparisons, because in practice, the decision maker’s
expression involves some fuzziness that may make the matrix have inconsistencies [7]. The
judgment or preference is consistent only if the CR is greater than 0.10 [55,57].

The CR is calculated using Equation (3).

CR =
CI
RI

(3)

where CI is the consistency index, which reflects the consistency of the judgment, and RI is
the random inconsistency index dependent on the sample size. The consistency index, CI,
is calculated using Equation (4).

CI =
λmax − n

n− 1
(4)

where n is the number of criteria and λmax is the average of the value of the consistency
vector (calculated factor weight).

The random inconsistency index, RI, depends on the sample size. RI values for
respective sample sizes are presented in Table 2.

Table 2. Random index matrix [55].

Number of Criteria 1 2 3 4 5 6 7 8 9 10 11

RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51

The acceptable judgment range is 0 ≤ CR ≤ 0.1, with a value of zero being the most
consistent [57]. Any value outside this range would require the assignment of the criterion
weight again. A consistency ratio of CR < 0.10 indicates a reasonable level of consistency in
the pairwise comparison, while a CR value of ≥0.10 signifies inconsistent judgment [7].

2.6. Derivation of Flood Hazard and Flood Vulnerability Index

The flood hazard index (FHI) and flood vulnerability index (FVI) were derived by
aggregating the weights and corresponding hazard and vulnerability classes at each level
of the hierarchy using Equations (5)–(7), respectively.

FHI/FVI =
n

∑
i=1

Wi × ri (5)

where FHI/FVI is the flood hazard/flood vulnerability index, Wi is the weight of each
indicator, ri is the rating of the indicator in each point, and n is the number of the criteria.

FHI = WEl × El + WSp × Sp + WDD × DD + WST × ST + WR × R + WF × F + WDR × DR (6)
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where El, Sp, DD, ST, R, F, and DR are elevation, slope, drainage density, soil type, mean
annual rainfall, flow accumulation, distance from rivers; and WEl, WSp, WDD, WST , WR, WF,
and WDR are their corresponding weights.

FVI = WPd × Pd + WFd × Fd + WLu × Lu + WRd × Rd + WLr × Lr + WEr × Er (7)

where Pd, Fd, Lu, Rd, Lr, and Er are population density, female population density, land
use, road network density, literacy rate, and employment rate; and WPd, WFd, WLu, WRD,
WLr, and WEr are their corresponding weights.

Flood Risk Indicators and Flood Risk Index

Flood risk is defined as the product of “hazard” and the “total vulnerability” [1,29,58,59].
The flood disaster risk indicator, FRI, of the study area was generated via the spatial layer
overlay operation between the flood hazard and total vulnerability (socio-economic vulner-
ability), i.e., hazard indicator FHI and total vulnerability indicator FVI. The flood risk map
based on flood hazard and total vulnerability is derived from Equation (8).

FRI = FHI × FVI (8)

where FRI is the flood risk index, FHI is the flood hazard index, and FVI is the flood
vulnerability index.

2.7. Validation of Flood Risk Map

Qualitative validation methods used in previous studies [7,60,61] were adopted to
verify the spatial risk maps. The methods involved extensive field survey and document
review to assess the accuracy of the spatially generated hazard, vulnerability, and risk maps.
The coordinates of the locations of various previous floods, such as inundated towns, farm-
lands, and dilapidated infrastructure that suffered floods, and other prominent features,
such as bridges, dams, and irrigation farms, were collected using GPS equipment [7]. The
visit included an in-depth field observation and discussion with local people, experts, and
policymakers to obtain their views about the produced maps. The history of previous flood
effects, and their severity and extents were also explored through a literature review and
discussions with the stakeholders and residents. The flood risk map was validated using the
data obtained from fieldwork throughout the entire study area. Fieldwork was conducted
in July 2020 by the lead author and field assistants. Various previously flood-inundated
areas, such as towns, villages, and farmlands, were visited, and the GPS coordinates of
these locations were recorded. These coordinates were plotted on the generated flood risk
map of the basin in order to compare the field results and the spatially generated flood
risk map.

3. Results
3.1. Flood Hazard Indicators

The different flood hazard indicators selected for this study were based on geomorpho-
logical and hydrological attributes, namely, elevation, slope, soil type, flow accumulation,
mean annual rainfall, drainage density, and distance from rivers (Table 3).
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Table 3. Comparison matrix for flood hazard indicators.

Flood Hazard
Indicators Elevation Slope Drainage

Density Soil Type Mean Annual
Rainfall

Flow Accu-
mulation

Distance
from Rivers

Elevation 1 2 3 3 4 5 7

Slope 0.5 1 2 2 3 6 7

Drainage Density 0.33 0.5 1 2 3 3 6

Soil Type 0.33 0.5 0.5 1 2 3 4

Mean Annual
Rainfall 0.25 0.33 0.33 0.5 1 2 3

Flow
Accumulation 0.20 0.17 0.33 0.33 0.5 1 2

Distance from
Rivers 0.14 0.14 0.17 0.25 0.33 0.5 1

Total 2.76 4.64 7.33 9.08 13.83 20.5 30

3.1.1. Elevation

Elevation is an important factor that contributes to flood hazard in a particular water-
shed [6,9]. Floods of low magnitude normally inundate low-lying areas. The elevation of
the study area ranges from a maximum of 673 m to a minimum of 338 m above the mean
sea level. The lowest elevation corresponds to the very high flood hazard class, whereas
the highest elevation corresponds to the very low flood hazard class. Figure 3a shows that
lower elevations dominate the north-eastern part of the basin, which renders it more prone
to flooding. The elevation of 338–383 m represents a very-high-flood-hazard area, while
the elevation of 539–673 m is considered as a low flood hazard class (Figure 3a).

3.1.2. Slope

Flood inundation depends on the length and steepness of the slope in a particular
area [7]. Relatively flat and moderate slopes suffer prolonged inundation, while steep and
high slopes pass flood waters downstream [3]. The slope of the Hadejia River basin ranges
from 0◦ to 42.5◦. Figure 3b shows the slope map of the study basin classified into five slope
classes, from very low (0.00◦–1.33◦) to very high (11.6◦–42.5◦). It is worth noting that the
north-eastern part of the basin has a relatively flat slope, which renders it more prone to
flooding events, while higher slopes dominate the central and north-western parts of the
basin. This could be the sole reason why the north-western part of the watershed is less
prone to flooding events.

3.1.3. Mean Annual Rainfall

The mean annual rainfall in the basin ranges from 757 to 1030 mm. Rainfall falls from
the north-western to north-eastern portions of the study area. The flood hazard increases
with the increase in rainfall. Figure 3c shows the mean annual rainfall classes in the study
region, which are very low (757–833 mm), low (834–875 mm), medium (876–919 mm), high
(920–967 mm), and very high (968–1030 mm). It is worth noting that the north-western and
central parts of the watershed receive the highest mean annual rainfall. Rainfall values of
968–1030 mm and 876–919 mm are concentrated in Kano State, adjacent to the LGAs of
Jigawa State, which increases the chance of severe flood events in the region. However, the
region is characterized by high slope angle and elevation. As such, all flood waters easily
flow downstream to many parts of Jigawa and Yobe States, putting a large portion of the
states at a high risk of floods. Despite the fact that the upstream rainfall amount is slightly
higher than that in the central part of the watershed, the central and the downstream areas
have a relatively flat topography, an extremely flat slope, and poor drainage conditions.
As such, the influence of rainfall on flood hazard is overshadowed by these geomorphic
characteristics.
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3.1.4. Soil Type

The soil map of the study area is presented in Figure 3d, showing four distinct soil
types. Aerosol soil covers 39.7% of the basin (a sandy loam soil characterized by low
permeability); therefore, it represents a high flood hazard because of its low infiltration
rate. Fluvisol covers 13.5% of the basin. This soil has a low infiltration rate because of its
high clay content; therefore, it represents a very high flood hazard. Gleysol covers about
35.2% of the basin and is sandy clay loam. Moreover, the soil is classified to represent a
high flood hazard due to its low infiltration rate. Lastly, Luvisol soil is present in the study
area and covers about 11.6% of the watershed; it has high permeability and thus a high rate
of infiltration, which renders the soil a low flooding hazard. The soil-type map indicates
that clay and clay loam soils are dominant in the lower portion of the study area, which
has a low infiltration rate. This renders the region more susceptible to flooding; hence, it
represents the highest flood hazard.

3.1.5. Drainage Density

High drainage density signifies high surface runoff and thus high flooding likeli-
hood [61]. High drainage densities mean greater runoff rates and hence high flooding sus-
ceptibility [62]. Figure 3e shows the drainage density map of the study area. The drainage
density map is classified into five density classes, namely, very high, high, medium, low,
and very low. Very high drainage densities can be found in urban areas, main roads,
and agricultural lands, while very low drainage densities can be found in bare land and
areas that lack vegetation in the basin. The very high drainage density class ranges from
0.190 to 0.310 km/km2, representing a very high flood hazard; the other classes are high
(0.140–0.180 km/km2), moderate (0.082–0.130 km/km2), low (0.033–0.081 km/km2), and
very low (0–0.032 km/km2) drainage density classes.

3.1.6. Flow Accumulation

Flow accumulation is considered a contributing indicator of flood hazard in the
Hadejia River basin [61]. The flow accumulation map was developed using the GIS analysis
of the digital elevation model with the spatial analyst tool in ArcGIS (Figure 3f). In the
figure, the black and the blue pixels represent high flow accumulation, while the green and
light-green pixels and the back-surrounding grey pixels represent moderate and low flow
accumulation. Flow accumulation ranges from 0 to 23,800 pixels. Flow accumulation layers
are classified into five classes from the very low class (0–829 pixels) to the very high class
(13,230–23,800 pixels). Figure 3f shows that the study area is dominated by areas of high
flow accumulation, mostly in the north-eastern part of the basin.

3.1.7. Distance from Rivers

Proximity to a river is an important indicator of flood hazard because areas close to
rivers experience more frequent flooding than areas further away from rivers [61]. Figure 3g
shows a map of the distance from rivers in the study area. Areas that are within 1000 m
from rivers represent a very high hazard of floods, whereas areas within distances of 2000,
3000, 4000, and 5000 m from rivers are considered to represent high, moderate, low, and
very low flood hazard, respectively.

3.2. Socio-Economic Flood Vulnerability Indicators

Six different indicators of flood vulnerability were selected for flood vulnerability,
namely, population density, female population density, literacy rate, land-use, employment
rate, and road network density (Table 4).
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Table 4. Comparison matrix for flood vulnerability indicators.

Flood Vulnerability
Indicators

Population
Density

Female Population
Density

Land
Use

Road Network
Density Literacy Rate Employment

Rate

Population Density 1 2 3 3 4 6

Female Population
Density 0.5 1 2 3 3 6

Land Use 0.33 0.5 1 2 2 4

Road Network
Density 0.33 0.33 0.5 1 2 3

Literacy Rate 0.25 0.33 0.5 0.5 1 2

Employment Rate 0.17 0.17 0.25 0.33 0.5 1

Total 2.58 4.33 7.25 9.83 12.5 22

3.2.1. Population Density

The population density distribution is one of the instrumental components of vulnera-
bility to flash floods [62]. The higher the population density is, the higher the likelihood of
life and economic losses is [7]. Population density was given the highest weight (Table 4).
Figure 4a shows the population density map of the study area. The population density
is categorized into the five density classes of very low, low, medium, high, and very high
population densities. The most densely populated area in the basin has a population range
of 778–31,504 persons per square kilometre and is situated in the central part of Kano
State, while the lowest populated zone has a population density of 78–210 persons per
square kilometre.

Other areas with a very high population density are Hadejia town and Itas/Gadau
LGA of Jigawa State. Figure 4a reveals that seventeen local government areas were found
to have a very low population density, and most of them are situated in Jigawa State. These
very low and low population densities render them less vulnerable to flood disasters.

3.2.2. Female Population Density

The female population density of an area determines the area vulnerability to natural
disasters such as floods [7]. Women are perceived to be at a high risk amongst the vulnerable
population. Figure 4b presents the female population density map of the study area. It is
worth noting from the figure that seventeen local government areas (LGAs) have a very
low female population density, 40–105 females/square kilometre. A very high female
population density can be found in the central part of Kano State and some parts of Jigawa
State. A moderate female population density can be found in the north-western fringe of
the study area.

3.2.3. Literacy Rate

The percentage of literate people in an area is expressed in terms of the literacy rate.
A literate population can easily understand the severity and nature of a disaster and be
able to respond more quickly [7]. The literacy rate map of the study area is presented in
Figure 4c and shows how literacy rate varies significantly from state to state. Very low and
low literacy rates (0–39.8%) can be found in the north-western part of the study area. A
moderate literacy rate (39.9–53.6%) covers the LGAs of Jigawa State. This population likely
has a moderate vulnerability to floods. Furthermore, a high literacy rate (58.2–58.3%) is
concentrated in the LGAs of Yobe State. The higher value of literacy rate in this region aids
the inhabitants to understand written information (newspapers, etc.) that provides details
of the severity and nature of natural hazards and how quickly they can expect to adapt
and recover.
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3.2.4. Land Use

Land use/land cover plays an important role in identifying zones vulnerable to
flooding [3]. Impervious surfaces such as residential areas and roads increase storm
runoff generation. Bare lands tend to increase the erosion of soils and high runoff flow
downstream of the watershed, whereas areas with high vegetation density generally
have low potential for flooding, as vegetation enhances infiltration and decreases runoff
generation [7]. Figure 4d presents the land use map of the study area, which was classified
into eight classes: wood and grasses, irrigated cropland, bare land, forest, shrubland,
vegetation, built-up areas, and water bodies. The land use map shows that rain-fed
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cropland, grassland, wood and grasses, irrigated cropland, built-up, and shrub cover
54.06%, 27.25%, 13.57%, 2.61%, 1.16% and 1.03%, 0.27%, and 0.06% of the area, respectively.

3.2.5. Road Network Density

Road networks play an important role during flooding, especially in relief and rescue
operations. They also serve as flood shelters [7,12]. The availability of roads, namely,
federal highways, state highways, and local government roads, defines how an area is
expected to quickly recover from flood impacts. The road network density of the study area
is presented in Figure 4e. The very high road density class (0.240–0.640) is represented by

Kano central and Hadjia LGA of Jigawa state. The high road network density class
(0.150–0.230) covers about 50% of the study area in the north-eastern part of the basin. Other
portions of the study area are in the moderate class (0.097–0.140), low class (0.059–0.096),
and very low class (0.00–0.058) of road network densities.

3.2.6. Employment Rate

The employment rate map of the study area is presented in Figure 4f. The rate of
employment of the study area varies significantly from state to state. The very low and
low employment rate classes (0–58.6% and 58.7–64.1%) define the north-eastern part of the
study area, that is, Jigawa and some part of Bauchi State, while the extreme north-eastern
part of the study area is in the moderate employment rate class (64.2–64.4%). Furthermore,
the very high employment rate class (64.5–78.7%) includes the LGAs of Kano State. The
high employment rate of this region plays a vital role in making the region safe from
socio-economic vulnerability to flooding.

3.3. Normalized Flood Hazard and Vulnerability Indicators

For comparison purposes, all the indicators were made dimensionless by assigning
quantitative values to the qualitative data, such as the sub-indicators of soil type and land
use, based on their influence and contribution to flood hazard and vulnerability. The
assigned values for soil type and land use are presented in Tables 5 and 6, respectively.

3.4. Weight Assignment Using GIS-Based AHP

The pair-wise matrices of all flood hazard- and vulnerability-related factors are shown
in Tables 3 and 4. The CR values of flood hazard and vulnerability were found to be 2.3%
and 2.1%, respectively, i.e., less than 10%, signifying an acceptable consistency level [55].
The overall weight and ranking of each factor for both hazard and vulnerability are pre-
sented in Tables 5 and 6, respectively. The derived weights of the flood hazard indicators
were found to be: elevation, 33%; slope, 24%; drainage density, 16%; soil type, 12%; mean
annual rainfall, 8%; flow accumulation, 5%; and distance from rivers, 3%. This implies that
the elevation and the slope have the highest geomorphic influence on and contribution to
flooding events in the study area. However, the derived weights of the socio-economic
vulnerability indicators were found to be: population density, 36%; female population
density, 25%; land use, 15%; road network density, 11%; literacy rate, 8%; and employment
rate, 4%. This implies that population density has the highest socio-economic contribution
to flood vulnerability in the study area, which is in line with previous studies [6,7].
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Table 5. Classes of flood hazard indicators, and their weight and ranking.

Indicator Relative Weight Reclassified Indicator Ranking Hazard

Elevation (m) 33% 539–673 1 Very low
486–538 2 Low
431–485 3 Moderate
384–430 4 High
338–383 5 Very high

Slope (◦) 23% 11.6–42.5 1 Very low
4.51–11.5 2 Low
2.68–4.50 3 Moderate
1.34–2.67 4 High
0.00–1.33 5 Very high

Drainage density (Km/Km2) 16% 0.00–0.032 1 Very low
0.033–0.081 2 Low
0.082–0.130 3 Moderate
0.140–0.180 4 High
0.190–0.310 5 Very high

Soil type 12% Luvisol (loamy sand) 1 Very low
Gleysol (sandy clay loam) 4 High

Arenosol (sandy loam) 4 High
Fluvisol (clay/sandy clay) 5 Very high

Mean annual rainfall (mm) 8% 757–833 1 Very low
834–875 2 Low
876–919 3 Moderate
920–967 4 High

968–1030 5 Very high
Flow accumulation (px) 5% 0–839 1 Very low

839.1–3785 2 Low
3786–8828 3 Moderate

8829–13,220 4 High
13,230–23,800 5 Very high

Distance from Rivers (m) 3% >5000 1 Very low
4000–5000 2 Low
3000–4000 3 Moderate
2000–3000 4 High

<1000 5 Very high

3.5. Flood Hazard Map

The flood hazard map of the study area is presented in Figure 5a and illustrates the
potential areas at risk of flooding. It highlights five flood hazard classes ranging from
very low to very high. The very high and high classes constitute 10.4% and 17.2% of the
study area and are distributed in Jigawa State and some parts of Kano and Yobe States.
These areas are essentially known to have relatively flat slopes, low elevation, and a low
amount of rainfall compared with the upstream part of the watershed. High and very high
hazards are evident in agricultural land and urban built-up areas of the watershed, as can
be viewed in Figure 5a. The high hazard nature of these regions subjects them to a high
risk of flooding. In a nutshell, a high flood hazard indicates a high flood risk [60].

Furthermore, the moderate flood hazard class covers about 49.4% of the basin, which
includes a small part of Jigawa State and a large section of Kano State. In contrast with
the north-eastern part of the study area, the extreme upstream part is dominated by
low and very low hazard classes, which cover about 18.3% and 4.5% of the study area,
respectively. These areas are characterized by high elevation, steep slopes, rocky and
sandy soils, moderate rainfall, and relatively low drainage density. These findings are in
accordance with other studies [6,19], where areas located at high elevation, steep slopes,
and rocky and sandy lithological setting were found to be less prone to flooding events.
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Table 6. Classes of flood vulnerability indicators, and their weight and ranking.

Indicator Relative
Weight

Reclassified
Indicator Ranking Hazard

Population density (persons/square
kilometre) 36% 78–210 1 Very low

211–305 2 Low
306–449 3 Moderate
450–777 4 High

778–31,504 5 Very high
Female population density
(females/square kilometre) 25% 40–105 1 Very low

106–154 2 Low
155–204 3 Moderate
205–379 4 High

340–14,403 5 Very high
Land use 15% Water Bodies 1 Very low

Wood and Grass 1 Very low
Grassland 1 Very low
Shrubland 2 Low
Bare soil 3 Moderate

Irrigated Cropland 4 High
Rainfed Cropland 5 Very high

Built-up 5 Very high
Road network density (Km/Km2) 11% 0.240–0.640 1 Very low

0.150–0.230 2 Low
0.097–0.140 3 Moderate
0.059–0.096 4 High
0.000–0.058 5 Very high

Literacy rate (%) 8% 58.2–58.3 1 Very low
53.7–58.1 2 Low
39.9–53.6 3 Moderate
37.5–39.8 4 High
0.00–37.4 5 Very high

Employment rate (%) 4% 72.0–78.7 1 Very low
64.5–71.9 2 Low
64.2–64.4 3 Moderate
58.7–64.1 4 High
0.00–58.6 5 Very high

3.6. Flood Vulnerability Map

The flood vulnerability map of the study area is presented in Figure 5b, which high-
lights five areas of vulnerability classes ranging from very low to very high vulnerability.
The very high and high vulnerability classes constitute about 2.3% and 21.8% of the study
area, respectively; areas characterized by the urban built-up and bare soil classes of land
use, high population and female population densities, low literacy and employment rates,
and very poor road network systems are in these vulnerability classes. The medium vul-
nerability class covers 53.6% of the basin and constitutes about 24 local government areas
of Kano and Jigawa States. The low and very low vulnerability classes cover 13.4% and
8.9% of the study area, respectively. These are areas of agricultural lands, vegetation, low
population density, a high literacy rate, high economic activities, good drainage system,
and highly residential areas. This is in agreement with the previous findings [7]. In general,
high flood vulnerability may lead to high flood risk.
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3.7. Flood Risk Map

The flood risk maps of the study area are presented in Figure 5c. The flood risk is
divided into five levels of risk ranging from very low to very high risk. The respective
percentages of areas at very high, high, moderate, low, and very low risk are 1.8%, 41.6%,
24.8%, 20.3%, and 11.5%. The high- and very-high-flood-risk zones are characterized by
low slopes and elevations, high drainage density, low permeable soil, high population
density, a low literacy rate, slightly high annual rainfall, and the urban built-up and bare
land types of land uses. The overall area at high and very high flood risk in the basin
constitutes about 43.4% of the entire watershed. Communities identified to be at high and
very high risk of flooding within the study area are Guri, Dabi, Auyo, Kano Municipal,
Fage, Jahun, Maigatari, Gumel, Gagarawa, and Hadejia LGAs. A careful analysis of the
flood risk map revealed that urban built-up, clay soil types, and low slope and elevation
increase the risk of flooding in these regions.

The medium risk class covers 24.8% of the study area while the low- and very-low-
flood-risk zones covers 31.8% of the study area. These risk classes are concentrated in
the upstream part of the watershed, and the zones are characterized by steeper slopes,
high elevation, permeable soil, vegetation, the forest type of land use, very low population
density, and very high literacy and income rates. Another reason for their low and very
low risk of flooding is the presence of the Tiga and Challawa Gorge dams at Tiga and Kiru



Water 2022, 14, 3709 17 of 21

LGAs of Kano State (Figure 5c). These hydraulic structures impound large quantity of
runoff water coming from upstream locations that may cause flooding downstream, which
puts the area at a low flood risks. This hydro-geomorphic and socio-economic nature of the
area plays a vital role in defining low and very low flood risk.

3.8. Validation of Flood Risk Map

The flood risk map and the associated validation points in the Hadejia River basin are
presented in Figure 5d. The results of the verification revealed good agreement between
the flood risk map and the previous flood records [63,64]. This shows that the proposed
methodology can be applied in other study areas to develop flood risk maps, as it is flexible
and easy to use, is of acceptable accuracy, and requires few data. Figure 5d shows that
high and very high flood risk is ascribed to areas that have previously encountered flood
hazard, while low and very low flood risk is concentrated in the upstream part of the basin,
particularly in areas near the Tiga and Challawa Gorge dams, and the irrigation scheme
at Kura LGA. An example is the flood event of Guri and Auyo that occurred in August
2018, which led to the destruction of vast agricultural lands, the collapse of infrastructure,
and more than a dozen deaths. Twenty-nine out of the forty-nine previous flood events
occurred within the high- and very-high-flood-risk regions. Furthermore, only 16 previous
flood events were recorded in moderate-flood-risk zones, while 2 previous flood events
were in low-flood-risk regions, and 2 surveyed coordinates of Challawa Gorge and Tiga
dams were also found to be in low-risk zones except for the Watari dam of Kazaure LGAs,
which are based in moderate-to-high-flood-risk regions.

4. Discussion

This paper presents flood risk assessment and mapping using an integrated approach
combining the AHP and GIS analyses through the utilization of the MCA. Flood hazard
and vulnerability have CR values of 2.3% and 2.1%, respectively, less than 10%, signifying
an acceptable consistency level [55,57]. Agricultural land and urban built-up areas show to
be high-to-very-high-flood-hazard zones, which resonates with previous studies [6,7,19].
These hazard zones cover about 27.6% of the basin. Moreover, 49.4% of the study basin is in
the moderate class, including Jigawa and a large part of Kano State. The high vulnerability
classes cover about 23.1% of the study region, including the urban built-up and bare soil
classes of land use and areas with very poor road network systems. The high- and very-
high-flood-risk zones cover 43.4% of the basin. These include the communities of Guri,
Dabi, Auyo, Kano Municical, Fage, Jahun, Maigatari, Gumel, Gagarawa, and Hadejia
LGAs. This may be due to the urban built-up dominance, clay soil types, and low slope
and elevation in these regions. This is in agreement with the findings in [7,9,52]. These
findings also relate to the outcome in [33] in Costa Rica indicating that higher flood risk
values occur in flatland (low slope) and borderland areas. Different regions in the study
area are identified to have different hazard, vulnerability, and risk classes based on the
analysis of the result of the flood hazard, risk, and vulnerability in the study area; the
literature review; and a rigorous field study. This indicates the need to explore sustainable
flood reduction and mitigation measures that suit the conditions of the study area. As such,
various structural and non-structural measures are explored for the study area.

The structural measures for flood control employ the techniques of storing, diverting,
and confining flood water [7]. This measure can be achieved through the installation of
facilities that prevent flood disasters [65]. Due to sand mining, embankment construction,
and the impastation of aquatic grasses in Hadejia River, many changes in the water course
and channel morphology occurred over the last decades, leading to the submergence of
large portions of farmlands, villages, and roads and the dilapidation of electric poles and
culverts. There is a need to develop policy to restore the natural conditions of the channel
through riverbed dredging and the construction of backflow preventers. Furthermore,
the Hadejia River embankment is not monitored and evaluated properly, and a large
population of the basin lives near flood-prone rivers due to ineffectual policies. There is a
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need for more frequent monitoring and evaluation by the government and local residents,
particularly in the most vulnerable areas identified. Moreover, Sustainable Urban Drainage
(SUD) or Managed Aquifer Recharge (MAR) may be practiced in the cities of Kano State
(Kano Municipal, Dala, Fage) in order to reduce the impact of urban development on
flooding and the pollution of waterways. The drainage density and road network density
maps (Figures 3e and 4e) of the Hadejia River basin show a high degree of congestion and
roads in some areas, such as Kano Municipal, Fage, Guri, Auyo, Ungogo, and Hadejia, that
do not have appropriate water runoff management. It is imperative to identify these places
that do require interventions to carry out the evacuation of debris for the safe discharge of
flood waters.

Non-structural measures are designed to keep infrastructures, agricultural land, and
other structures away from waterways. These measures allow individuals or the commu-
nity to cope with flood disaster risk more effectively [66]. It is suggested that architectural
approaches of flood control measures, such as structure elevation (building structures above
the flood level), prevention using watertight emulsion for the exterior walls of buildings,
and establishing flood-resilient building codes with regards to occupancy and the use of
buildings in areas with low-lying elevations and high-flood-risk areas (such as Auyo, Guri,
Jahun, Miga, Nguru, and Jakusko (Figure 5b)), could be implemented to reduce the flood
risk of these locations. Moreover, land use planning, when coupled with land use restriction
policies, provides an effective measure of risk reduction in a particular area [7]. Figure 5c
shows places such as Auyo, Guri, and Jahun, which are at a high flood risk and should
be designated to have low occupancy uses, whereas the moderate- and lower-risk zones
should be designated for high occupancy uses for improving the drainage network and the
reduction in less pervious surfaces. Proper land use planning and zoning signifies lower
flood disaster risk [7]. Furthermore, flood insurance is considered a mitigation technique
because it does not reduce damage but compensates the affected individual or societies
for their losses [7,65]. In the areas of Auyo, Guri, Kano Municipal, Fage, Jahun, and Miga
LGAs in the study area with high to very high flood risk and vulnerability, the government
should implement a flood insurance system for the inhabitants living in these regions
that covers life and economic damages due to floods. Capacity for flood resilience is a
measure used to reduce the physical vulnerability of people to floods [7,66]. This could be
implemented in the basin and achieved through sensitization workshops and the training
of the residents of the local communities on flood risk reduction. The communities with
high-to-very high vulnerability in the study area, however, have a low literacy rate and
need to be educated on the techniques of flood risk reduction and mitigation.

5. Conclusions

This study developed a spatial flood risk assessment map of the Hadejia River basin.
The spatial distribution of the flood-risk zones of the Hadejia River basin was mapped using
the Analytic Hierarchy Process (AHP) method integrated with a Geographical Information
System (GIS) in order to reduce risk and vulnerability associated with floods. The study was
the first in the basin to combine a hydro-geomorphic hazard analysis and a socio-economic
vulnerability assessment for identifying flood disaster risk zones. The results of the present
study are useful for improving flood mitigation and vulnerability management strategies.

The proposed methodology showed that very-high- and high-flood-hazard zones
can be mainly identified in the north-eastern and south-eastern parts of the watershed.
This methodology could serve as the basis for an integrated flood risk and vulnerability
assessment. Moreover, the methodology is simple, requires few data, and is transferable, as
it relies on remotely sensed data. The study revealed that high and very high vulnerability
classes primarily cover the south-eastern, central, and extreme upstream parts of the study
area. In contrast with the south-eastern and extreme parts of the watershed, the north-
eastern and south-western portions of the study area are characterized by moderate, low,
and very low vulnerability classes. This is due to the devastating effects of the selected
socio-economic vulnerability indicators. The study also revealed that flood hazard and
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vulnerability indicators have different influences on flood risk. High flood hazard does
not signify high flood risk when vulnerability is low and vice versa. The results of flood
risk and vulnerability assessment and mapping are crucial for the strategic management of
flood disaster risk. This can help the government, policy makers, and planning and relief
agencies to come up with effective flood reduction and migration measures.
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13. Zeleňáková, M.; Fijko, R.; Labant, S.; Weiss, E.; Markovič, G.; Weiss, R. Flood risk modelling of the slatvinec stream in Kružlov
Village, Slovakia. J. Clean. Prod. 2018, 212, 109–118. [CrossRef]

14. Petit-Boix, A.; Sevigné-Itoiz, E.; Rojas-Gutierrez, L.A.; Barbassa, A.P.; Josa, A.; Rieradevall, J.; Gabarrell, X. Floods and consequen-
tial life cycle assessment: Integrating flood damage into the environmental assessment of stormwater Best Management Practices.
J. Clean. Prod. 2017, 162, 601–608. [CrossRef]

15. Zehra, D.; Mbatha, S.; Campos, L.C.; Queface, A.; Beleza, A.; Cavoli, C.; Achuthan, K.; Parikh, P. Rapid flood risk assessment
of informal urban settlements in Maputo, Mozambique: The case of Maxaquene A. Int. J. Disaster Risk Reduct. 2019, 40, 101270.
[CrossRef]

16. IPCC. Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation; Cambridge University Press:
Cambridge, UK, 2012.

17. Adegoke, J.; Sylla, M.B.; Taylor, C.; Klein, C.; Bossa, A.; Ogunjobi, K.; Adounkpe, J. Chapter 1: On the 2017 Rainy Season Intensity
and Subsequent Flood Events Over West Africa. Reg. Clim. Chang. Ser. Floods 2019, 10–15. [CrossRef]

18. Behanzin, I.D.; Thiel, M.; Szarzynski, J.; Boko, M. GIS-Based Mapping of Flood Vulnerability and Risk in the Bénin Niger River
Valley. Int. J. Geomat. Geosci. 2016, 6, 1653–1669.

19. Ntajal, J.; Lamptey, B.L.; Mahamadou, I.B.; Nyarko, B.K. Flood disaster risk mapping in the Lower Mono River Basin in Togo,
West Africa. Int. J. Disaster Risk Reduct. 2017, 23, 93–103. [CrossRef]

20. Adegboyega, S.A.; Onuoha, O.C.; Komolafe, A.A.; Olajuyigbe, A.E.; Adebola, A.O.; Ibitoye, M.O. An integrated approach to
modelling of flood hazards in the rapidly growing city of Osogbo, Osun State, Nigeria. Am. J. Space Sci. 2018, 4, 1–15. [CrossRef]

21. WHO. Nigeria Rushes into Current Flash Flooding to Mitigate Health Hazards | WHO | Regional Office for Africa. 2018.
Available online: https://www.afro.who.int/news/nigeria-rushes-current-flash-flooding-mitigate-health-hazards (accessed on
10 February 2020).

22. Iliyasu, U. Flood Risk Assessment in Parts of Hadejia- Jama ’ are River Basin (HJRB) of Jigawa State, Nigeria. Master’s Thesis,
Department of Geography, Faculty of Earth and Environmental Sciences, Bayero University, Kano, Nigeria, 2017.

23. Rana, I.A.; Routray, J.K. Integrated methodology for flood risk assessment and application in urban communities of Pakistan. Nat.
Hazards 2017, 91, 239–266. [CrossRef]

24. IPCC. Climate Change 2014 Synthesis Report; Intergovernmental Panel on Climate Change: Geneva, Switzerland, 2014; Volume 1,
pp. 27–31.

25. Isma’il, M.; Saanyol, I.O. Application of Remote Sensing (RS) and Geographic Information Systems (GIS) in flood vulnerability
mapping: Case study of River Kaduna. Int. J. Geomat. Geosci. 2013, 3, 618–627.

26. Vu, T.T.; Ranzi, R. Flood risk assessment and coping capacity of floods in central Vietnam. J. Hydro-Environ. Res. 2016, 14, 44–60.
[CrossRef]

27. Li, W.; Lin, K.; Zhao, T.; Lan, T.; Chen, X.; Du, H.; Chen, H. Risk assessment and sensitivity analysis of fl ash fl oods in ungauged
basins using coupled hydrologic and hydrodynamic models. J. Hydrol. 2019, 572, 108–120. [CrossRef]

28. Youssef, A.M.; Hegab, M.A. Flood-Hazard Assessment Modeling Using Multicriteria Analysis and GIS: A Case Study—Ras Gharib Area,
Egypt; Elsevier Inc.: Amsterdam, The Netherlands, 2019.

29. Abdulrahman, S.; Bwambale, J. A review on flood risk assessment using multicriteria decision making technique. World Water
Policy 2021, 7, 209–221. [CrossRef]

30. Mudashiru, R.B.; Sabtu, N.; Abustan, I.; Balogun, W. Flood hazard mapping methods: A review. J. Hydrol. 2021, 603, 126846.
[CrossRef]

31. Quesada-Román, A. Disaster risk assessment of informal settlements in the global south. Sustainability 2022, 14, 10261. [CrossRef]
32. Quesada Román, A. Landslides and floods zonation using geomorphological analyses in a dynamic basin of Costa Rica. Rev. Cart.

2021, 102, 125–138. [CrossRef]
33. Quesada-Román, A. Flood risk index development at the municipal level in Costa Rica: A methodological framework. Environ.

Sci. Policy 2022, 133, 98–106. [CrossRef]
34. Ikirri, M.; Faik, F.; Echogdali, F.Z.; Antunes, I.M.H.R.; Abioui, M.; Abdelrahman, K.; Fnais, M.; Wanaim, A.; Id-Belqas, M.;

Boutaleb, S.; et al. Flood hazard index application in arid catchments: Case of the taguenit wadi watershed, Lakhssas, Morocco.
Land 2022, 11, 1178. [CrossRef]

35. Rincón, D.; Khan, U.T.; Armenakis, C. Flood risk mapping using GIS and multi-criteria analysis: A greater toronto area case
study. Geosci. 2018, 8, 275. [CrossRef]

36. Stefanidis, S.; Alexandridis, V.; Theodoridou, T. Flood exposure of residential areas and infrastructure in Greece. Hydrology 2022,
9, 145. [CrossRef]

37. Qiang, Y. Flood exposure of critical infrastructures in the United States. Int. J. Disaster Risk Reduct. 2019, 39, 101240. [CrossRef]
38. Yahaya, S.; Ahmad, N.; Abdallahi, R.F. Multicriteria analysis for flood vulnerable areas in hadejia-jama’are river Basin, Nigeria.

Eur. J. Sci. Res. 2010, 42, 71–83.
39. Abubakar, S.K. Flood simulation using shuttle radar topographic mission digital elevation model in Hadejia River basin, Nigeria.

Master’s Thesis, Universiti Putra Malaysia, Seri Kembangan, Malaysia, 2013.
40. Ibrahim, U.A.; Yadima, S.G.; Nur Alkali, A. Flood Frequency Analysis at Hadejia River in Hadejia–Jama’ are River Basin, Nigeria.

Civ. Enviromental Res. 2016, 8, 124–131.

http://doi.org/10.1016/j.jclepro.2018.12.008
http://doi.org/10.1016/j.jclepro.2017.06.047
http://doi.org/10.1016/j.ijdrr.2019.101270
http://doi.org/10.33183/rccs.2019.p10
http://doi.org/10.1016/j.ijdrr.2017.03.015
http://doi.org/10.3844/ajssp.2018.1.15
https://www.afro.who.int/news/nigeria-rushes-current-flash-flooding-mitigate-health-hazards
http://doi.org/10.1007/s11069-017-3124-8
http://doi.org/10.1016/j.jher.2016.06.001
http://doi.org/10.1016/j.jhydrol.2019.03.002
http://doi.org/10.1002/wwp2.12058
http://doi.org/10.1016/j.jhydrol.2021.126846
http://doi.org/10.3390/su141610261
http://doi.org/10.35424/rcarto.i102.901
http://doi.org/10.1016/j.envsci.2022.03.012
http://doi.org/10.3390/land11081178
http://doi.org/10.3390/geosciences8080275
http://doi.org/10.3390/hydrology9080145
http://doi.org/10.1016/j.ijdrr.2019.101240


Water 2022, 14, 3709 21 of 21

41. Sobowale, A.; Ramalan, A.A.; Mudiare, O.J.; Oyebode, M.A. Sustainability of Water Quality and Ecology Groundwater recharge
studies in irrigated lands in Nigeria: Implications for basin sustainability. Sustain. Water Qual. Ecol. 2014, 3–4, 124–132. [CrossRef]

42. Umar DU, A.; Ramli, M.F.; Aris, A.Z.; Jamil, N.; Tukur, A.I. Surface water resources management along Hadejia River Basin,
northwestern Nigeria. H2Open J. 2019, 2, 184–199. [CrossRef]

43. Ramli, M.F.; Aris, A.Z.; Jamil, N.R.; Abdulkareem, J.H. Runoff irregularities, trends, and variations in tropical semi-arid river
catchment. J. Hydrol. Reg. Stud. 2018, 19, 335–348.

44. Goes, B.J.M. Effects of river regulation on aquatic macrophyte growth and floods in the Hadejia-Nguru wetlands and flow in the
Yobe River, northern Nigeria; implications for future water management. River Res. Appl. 2002, 18, 81–95. [CrossRef]

45. Odunuga, S.; Okeke, I.; Omojola, A.; Oyebande, L. Hydro-climatic variability of the Hadejia-Jama’ are river systems in north-
central Nigeria. In Hydro-Climatology: Variability and Change, Proceedings of the Symposium JHO2, Melbourne, Australia, 27 June–8
July 2011; IAHS Press: Wallingford, UK, 2011; pp. 163–168.

46. Sobowale, A.; Adewumi, J.K.; Okuofu, C.A.; Otun, J.A. Water resources potentials of Hadejia River Sub-catchment of Komadugu
Yobe Water Resources Potentials of Hadejia River Sub-Catchment of Komadugu Yobe River Basin in Nigeria. Agric. Eng. Int.
CIGR Ejournal. Manuscr. 1065 2010, 12, 1–6.

47. Ikusemoran, M.; Ezekiel, Y. Remotely Sensed Data and Geographic Information System Techniques for Monitoring the Shrinking
Hadejia–Nguru. Lagos J. Geo-Inf. Sci. (LJGIS) 2011, 1, 73–86.

48. Adakayi, P.E. An Assessment of the Rainfall and Temperature Variations in Parts of Northern Nigeria. Ph.D. Thesis, University of
Jos, Jos, Nigeria, 2012.

49. Ahmed, S.D.; Agodzo, S.K.; Adjei, K.A.; Deinmodei, M.; Ameso, V.C. Preliminary investigation of flooding problems and the
occurrence of kidney disease around Hadejia-Nguru wetlands, Nigeria and the need for an ecohydrology solution. Ecohydrol.
Hydrobiol. 2018, 18, 212–224. [CrossRef]

50. Chen, Y. Flood hazard zone mapping incorporating geographic information system (GIS) and multi-criteria analysis (MCA)
techniques. J. Hydrol. 2022, 612, 128268. [CrossRef]

51. Adger, W.N. Vulnerability. Glob. Environ. Chang. 2006, 16, 268–281. [CrossRef]
52. Shivaprasad Sharma, S.V.; Roy, P.S.; Chakravarthi, V.; Srinivasa Rao, G. Flood risk assessment using multi-criteria analysis: A case

study from Kopili river basin, Assam, India. Geomat. Nat. Hazards Risk 2018, 9, 79–93.
53. Rehman, S.; Sahana, M.; Hong, H.; Sajjad, H.; Bin Ahmed, B. A systematic review on approaches and methods used for flood

vulnerability assessment: Framework for future research. Nat. Hazards 2019, 96, 975–998. [CrossRef]
54. Hu, S.; Cheng, X.; Zhou, D.; Zhang, H. GIS-based flood risk assessment in suburban areas: A case study of the Fangshan District,

Beijing. Nat. Hazards 2017, 87, 1525–1543. [CrossRef]
55. Saaty, T.L. The Analytic Hierarchy Process; McGraw Hill: New York, NY, USA, 1980.
56. Ibrahim, B.A.; Tiki, D.; Mamdem, L.; Leumbe, O.L.; Bitom, D.; Lazar, G. MultiCriteria Analysis (MCA) approach and GIS for

flood risk assessment and mapping in mayo kani division, far north region of Cameroon. Int. J. Adv. Remote Sens. GIS 2018, 7,
2793–2808. [CrossRef]

57. Saaty, T.L. Decision making with the analytic hierarchy process. Int. J. Serv. Sci. 2008, 1, 83–98. [CrossRef]
58. Waghwala, R.K.; Agnihotri, P.G. Flood risk assessment and resilience strategies for flood risk management: A case study of Surat

City. Int. J. Disaster Risk Reduct. 2019, 40, 101155. [CrossRef]
59. Abdullahi, S.; Isa, I.; Ayodele, S.; Muhammad, B. Investigation of groundwater quality for domestic and irrigation purposes

around gubrunde and environs, northeastern Nigeria. Energy 2010, 6, 664–672.
60. Roy, D.C.; Blaschke, T. Spatial vulnerability assessment of floods in the coastal regions of Bangladesh. Geomat. Nat. Hazards Risk

2015, 6, 21–44. [CrossRef]
61. Mahmoud, S.H.; Gan, T.Y. Multi-criteria approach to develop fl ood susceptibility maps in arid regions of Middle East. J. Clean.

Prod. 2018, 196, 216–229. [CrossRef]
62. Radwan, F.; Alazba, A.A.; Mossad, A. Flood risk assessment and mapping using AHP in arid and semiarid regions. Acta Geophys.

2019, 67, 215–229. [CrossRef]
63. Mind’Je, R.; Li, L.; Amanambu, A.C.; Nahayo, L.; Nsengiyumva, J.B.; Gasirabo, A.; Mindje, M. Flood susceptibility modeling and

hazard perception in Rwanda. Int. J. Disaster Risk Reduct. 2019, 38, 101211. [CrossRef]
64. Muis, S.; Güneralp, B.; Jongman, B.; Aerts, J.C.; Ward, P.J. Flood risk and adaptation strategies under climate change and urban

expansion: A probabilistic analysis using global data. Sci. Total Environ. 2015, 538, 445–457. [CrossRef]
65. Kang, S.-J.; Lee, S.-J.; Lee, K.-H. A Study on the Implementation of Non-Structural Measures to Reduce Urban Flood Damage

-Focused on the Survey Results of the Experts-. J. Asian Arch. Build. Eng. 2009, 8, 385–392. [CrossRef]
66. Khunwishit, S.; Choosuk, C.; Webb, G. Flood Resilience Building in Thailand: Assessing Progress and the Effect of Leadership.

Int. J. Disaster Risk Sci. 2018, 9, 44–54. [CrossRef]

http://doi.org/10.1016/j.swaqe.2014.12.004
http://doi.org/10.2166/h2oj.2019.010
http://doi.org/10.1002/rra.633
http://doi.org/10.1016/j.ecohyd.2017.11.005
http://doi.org/10.1016/j.jhydrol.2022.128268
http://doi.org/10.1016/j.gloenvcha.2006.02.006
http://doi.org/10.1007/s11069-018-03567-z
http://doi.org/10.1007/s11069-017-2828-0
http://doi.org/10.23953/cloud.ijarsg.375
http://doi.org/10.1504/IJSSCI.2008.017590
http://doi.org/10.1016/j.ijdrr.2019.101155
http://doi.org/10.1080/19475705.2013.816785
http://doi.org/10.1016/j.jclepro.2018.06.047
http://doi.org/10.1007/s11600-018-0233-z
http://doi.org/10.1016/j.ijdrr.2019.101211
http://doi.org/10.1016/j.scitotenv.2015.08.068
http://doi.org/10.3130/jaabe.8.385
http://doi.org/10.1007/s13753-018-0162-0

	Introduction 
	Material and Methods 
	Study Area 
	Data 
	Development of Indicators of Flood Risk 
	Selection of Flood Hazard Indicators 
	Selection of Flood Vulnerability Indicators 

	Normalization of Flood Hazard and Vulnerability Indicators 
	Assigning Weights Using Analytical Hierarchical Process 
	Derivation of Flood Hazard and Flood Vulnerability Index 
	Validation of Flood Risk Map 

	Results 
	Flood Hazard Indicators 
	Elevation 
	Slope 
	Mean Annual Rainfall 
	Soil Type 
	Drainage Density 
	Flow Accumulation 
	Distance from Rivers 

	Socio-Economic Flood Vulnerability Indicators 
	Population Density 
	Female Population Density 
	Literacy Rate 
	Land Use 
	Road Network Density 
	Employment Rate 

	Normalized Flood Hazard and Vulnerability Indicators 
	Weight Assignment Using GIS-Based AHP 
	Flood Hazard Map 
	Flood Vulnerability Map 
	Flood Risk Map 
	Validation of Flood Risk Map 

	Discussion 
	Conclusions 
	References

