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The present study aimed to map the areas at risk of flooding in the Tongo Bassa watershed (42 km?) located in the heart
of the Cameroonian economic capital (Douala) in the tropical zone of Central Africa, more precisely in the Wouri Estuary,
at the bottom of the Gulf of Guinea. Like most of the world’s major cities, Douala is subject to floods. The methodological
approach was to identify the flooding risk determinants in the area from an extensive literature review and field surveys
and then analyze these factors and map areas at risk of flooding using the analytical hierarchy process approach coupled
with the GIS environment. The results revealed that four parameters of the natural environment (elevation, drainage
density, distance to the river, and land cover) were the factors that mainly influenced the phenomenon of flooding in the
region. Three major classes of flood risk were highlighted: low risk, medium risk, and high risk. To validate the
effectiveness of the flood risk map obtained, the flood points collected in the field were cross-checked for ground truth
after a flood occurred in the watershed. This cross-check between the resulting map and the flood points using GIS tools
showed a good representation of the flooded area. This result is quite interesting because the areas where the risk of
flooding is high are consistent with those where flooding is most frequent. The presented results constitute a basic
decision support tool for the management of flood zones by the public authorities and the decentralized territorial
communities of the city of Douala.

ADDITIONAL INDEX WORDS: Flood risk, hierarchical multicriteria analysis, Tongo Bassa, Douala, Cameroon.

INTRODUCTION
Over the past two decades, the global frequency of floods has
increased by more than 40% (Hirabayashi, Mahendran, and
Koirala, 2013). Between 1995 and 2015, approximately 109
million people were affected by floods, with corresponding
damages of up to $75 billion per year (Alfieri et al., 2017). A
compilation of global floods by the United Nations Office for
Disaster Risk Reduction indicates that 2887 floods were
reported from 1980 to 2008, resulting in nearly 196,000 deaths,
with an average of nearly 6873 deaths per year or nearly 68

people per event (Guha-Sapir et al., 2011).
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Africa’s vulnerability to hydro-climatic hazards is increased
tenfold by the combination of several factors such as poverty,
bad governance, the lack of infrastructure and adequate
technology, ecosystem degradation, complex disasters, and
conflicts (Ahouangan et al., 2010). The inefficiency of solid
waste collection systems, the extension of buildings into flood-
prone areas, and modest sanitation networks are also factors
that aggravate the hazard. These reinforce the foreseeable
effects of flood risks on highly impoverished urban populations
(Issaka, 2010).

In Cameroon, floods are considered by experts to be the most
frequent natural disaster. According to studies published by
CRED (2016), 367,276 people were victims of floods between
2007 and 2015. The Littoral Region, most especially the city of
Douala (the economic capital of Cameroon), is an example.
Located at the bottom of the Gulf of Guinea, the city of Douala
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is subject to the effects of the tides, which are felt more than 62
km from the mouth of the Wouri (Onguene et al., 2014).
Between 2000 and 2010, floods caused more than 100 deaths in
Douala and significant material and human damage (Zogning,
Tonye, and Tsalefack, 2015).

Douala has experienced significant population growth since
colonial times, which intensified after independence (Mbaha,
Olinga, and Tchiadeu, 2013; Nsegbe et al., 2014). Estimated at
2.5 million inhabitants in 2010 (BUCREP, 2010; PDU, 2011),
projections indicate that Douala will have between 1.3 and 1.6
million additional inhabitants in 2025, i.e. nearly 4 million.
This growing population induces anarchic land use, and land
access is now granted to the highest bidder. Most occupants do
not have a valid building permit or land title.

Catastrophic floods are expected to become more frequent
as a result of the trends in climate change combined with the
increase in the population living on floodplains, deforesta-
tion, the disappearance of wetlands, and a rise in mean sea
level, in the decades to come (IPCC, 2012). A significant
number of people will therefore be exposed to this phenom-
enon. So far, there is no available map of flooded and flood
risk areas, and this makes the issue of flood risk management
increasingly worrying for governments and municipalities.
This could explain the failure of most management measures
put in place by the city managers regarding the heavy flood
that occurred in the city of Douala on 21 August 2020, which
resulted in significant material damage. This work aimed to
produce a map of areas at risk of flooding using the
hierarchical multicriteria analysis method developed by
Saaty (1980) to help manage the risk of floods in the studied
area.

Hydraulic and hydrological modelling approaches have been
used by various researchers to provide flood susceptibility
mapping (Matkan et al., 2009; Merwade, Cook, and Coonrod,
2008). However, these methods require sufficient and accurate
data (Fenicia et al., 2013; Refsgaard, 1997). In the city of
Douala, no detailed hydrological or hydraulic model has yet
been applied because of the lack of available data and the
complexity of the oceanographic phenomena that influence the
city due to its position in the estuary area. Coupled Analyse
Multi-criteres (Multi-criteria analysis, AMC)-GIS approaches
have been used in spatial modelling and natural hazard
analysis (Malczewski, 2006; Paquette and Lowry, 2012;
Scheuer, Haase, and Meyer, 2011; Solin, 2012).

Various studies have demonstrated that these techniques
can be used to generate hazard maps (Akgun and Turk, 2010;
Bui et al., 2015; Emmanouloudis, Myronidis, and Ioannou,
2008; Kritikos and Davies, 2011; Sinha et al., 2008). The
analytical hierarchy process (AHP) (Saaty, 1980) is a popular
technique in the field of multicriteria decision-making
(Pourghasemi, Pradhan, and Gokceoglu, 2012; Rozos, Bath-
rellos, and Skillodimou, 2011). One of the main problems
with the AHP method is the need to exploit expert knowledge
in assigning weights, which can be considered a source of
bias. However, the main goal of disaster management is to
develop a transferable methodology that can be used globally
(Tehrany et al., 2014). The effectiveness of GIS and AMC was
evaluated by Fernandez and Lutz (2010) for mapping
floodplains in the province of Tucuméan, Argentina. Their

study indicated that the AHP technique in a GIS environ-
ment is a powerful method for generating flood hazard maps
with a good degree of accuracy. Additionally, Zou et al. (2013)
described AHP as an understandable, cost-effective, and
practical method for flood risk assessment.

The purpose of this article is to propose a generally usable
methodology carried out in the GIS environment that will
determine the areas prone to flood risk. The result will be a
basic tool that can better guide development projects and
management measures by city managers.

METHODS

Conventional flood risk analysis methods use hydrological
and hydraulic modelling approaches with field measure-
ments or remote-sensing data used for model inputs (Arnaud
and Lavabre, 2010). However, there is a growing trend to
develop spatial models based on physical factors and their
contribution rates to characterize flood risk (Lang and
Lavabre, 2007).

Study Area

The Tongo Bassa is the largest watershed in the city of
Douala with an area of 42 km? (Meva’a, Fouda, and Bonglam,
2010), and its outlet is the Wouri River. It runs through the city
of Douala from E to W, and it is located between 4°2’0” and
4°5'30” N latitude and between 9°43'0” and 9°47'20” E
longitude (Figure 1). This watershed is a wetland threatened
by human populations with anarchic constructions subjected to
floods (schools, several sanitary facilities, shopping centers,
and roads). The slope of the land varies between 0.1% and 0.7%
(Olinga, 2012), and it has a dendritic type hydrographic
network with a constant flow throughout the year, character-
ized by water stagnation in the lowlands. The climate is hot and
humid (equatorial type), characterized by temperatures be-
tween 21 °C and 36 °C with very abundant rainfall, which has
been decreasing since 2007, i.e. 3593.5 mm on average monthly
(Tchiadeu and Olinga, 2012). It is located in the agroecological
part of Africa with monomodal rainfall, for which the climate is
characterized by two seasons during the year (one rainy from
March to November and the other dry from December to
February) (Tchiadeu and Ketchemen-Tandia, 2009). Geologi-
cally, this watershed is dominated by sandy formations from
the Miocene and Pliocene, which are very favorable to
infiltration and rapid waterlogging of the soil (Boum-Nkot et
al., 2015). Above all, the water table is almost flush with the
surface in the lower-elevation parts. Furthermore, the soil
hydrodynamic tests carried out revealed low permeability on
the slopes (Fouda and Meva’a, 2004). This reality is linked to
the ferralitic nature of the predominantly yellowish and
sometimes variegated sandy-clay soil. Therefore, the charac-
teristics of the relief and the substrate, the hydrodynamics of
the soils, and the hydrological regime are very favorable for the
stagnation of surface waters (Meva’a, Fouda, and Bonglam,
2010).

The vegetation in this part is mainly mangrove forest,
which provides a diversity of habitat and advantages such as
the proximity to the sea, the soil nature, the drainage, the
elevation, and opportunities for other activities, in this case,
logging (Ajonina, 2006). In total, 27 neighborhoods make up
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Figure 1. Presentation of study area, Tongo Bassa river basin, connected to the Wouri River Douala, Cameroon, and the density of the rivers contributing to the

genesis of the floods in Douala.

the Tongo Bassa watershed, with population density ranging
from 25 to more than 350 inhabitants/ha (Boum Nkot et al.,
2015).

The fluctuation of the tide in the Wouri Estuary causes the
flows in the drains connected to it to vary because the drainage
flow from the mainland to the river at high tide is very reduced
(Ndongo et al., 2015). Therefore, many areas are flooded during
rain showers, and it appears that the stagnation of water from
various sources is inevitable in Tongo Bassa.
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A{ ‘ Shuttle Radar Topography Mission (SRTM) image
< —

[ [ [
‘ | Geographical mformauonr System (GIS) | ‘

_l‘ Elevation map H Density Drainage H Distances to Watercourses H Land use map ‘

)

Analytical Hierarchy Process (AHP), weight definition |

Il
|
\{ Validation

‘ Output ‘ \ Raster and reclassification l

Figure 2. Applied method synthesis and presentation of the major
processing steps.

Data Sources

The topographic relief and the hydrographic network in the
Tongo Bassa watershed were described from a Shuttle Radar
Topography Mission (SRTM) image obtained from https://urs.
earthdata.nasa.gov to determine the different levels of
elevation in the watershed and its hydrography. From this,
the drainage density was calculated, and the proximity of the
human population and infrastructure to the different rivers
was analyzed. For a better analysis of the land cover, Landsat 8
satellite images from the Operational Land Imager (OLI)
satellite mission were obtained via the internet from the U.S.
Geological Survey (USGS) website, which helped to make maps
of land cover by supervised classification on the free Qgis GIS
application. The treatment processes are described below
(Figure 2). The flood points were recorded in the field by GPS
geolocation directly after the flood of 21 August 2020.

Method Description

To carry out this study, two methods were used: (1)
identifying the parameters that have more or less impact on
the flooding phenomenon, which was done based on an intense
literature review on the theme of floods coupled with several
field observation campaigns and available data; and (2)
mapping of flood risk areas using the AHP and a GIS
environment. Last, the final result was validated using the
flood points collected in the field after the 21 August 2020
flooding event (Figure 2).
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Flooding Identification Criteria

The identification of the criteria is a decisive and delicate
phase that conditions the quality of the data generated with a
view to their inclusion in the model. Thus, after reviewing the
literature, prospecting the watershed, regarding the work of
Jourda et al. (2006), Mahmoud and Gan (2018), Phonphoton
and Pharino (2019), and Youan et al. (2011) and available data,
four criteria were analyzed to meet the objective. The defined
criteria were elevation, drainage density, distance to water-
courses, and land use.

The elevation map was produced using the SRTM image at
30 m X 30 m spatial resolution. This map shows the different
levels of elevation and indicates the low areas, which are the
areas of water accumulation. The drainage density map was
also produced using the SRTM image and shows areas of high
river density. Where there is a greater density of rivers, there is
a higher likelihood for overflow in the event of a flood. The
watercourse distance map was also produced using the SRTM
image. This was made by a succession of processing steps in the
GIS environment and indicates the floods in the major beds of
the rivers and their distances from populated areas.

The land cover map was produced from the satellite image of
the Landsat 8 OLI sensor acquired in 2020. This map provides
information on multiple issues in the catchment area, in this
case, the built issues. These criteria were carefully selected to
avoid redundancies and take into account the almost flat relief
of the watershed.

To evaluate the contribution of each criterion to the
susceptibility to flooding, criteria were pairwise correlated.
For this purpose, the schematic sketch of Shaban et al. (2001)
was used. Typically, one (1) point is assigned to a factor when it
is dominant (major), and 0.5 point is assigned when it is minor
(Hammami et al., 2019; Saaty, 1980). The sum of the points
obtained makes it possible to classify the parameters according
to their importance in the susceptibility to flooding. This
classification was then used for the AHP.

Analysis Hierarchy Process (AHP)

The AHP makes it possible to objectively determine weights
or weighting coefficients by comparing factors taken two by two
using a matrix. So, the first step is to define the decision
problem. The second step consists of judging the relative
importance of the criteria from the scale of Saaty (1980) and the
development of the comparison matrix. It also allows the
weighting coefficient to be determined from the eigenvectors of
these criteria. Each criterion was given a numerical value
between 1 and 9, depending on its importance. A numerical
value of 1 means that the two factors being compared are of
equal importance; a numerical value of 9 means that the row
factor is much larger than the column factor.

After establishing the reasoning, a matched comparison
matrix is formed for the different options deemed relevant.
Then, normalization is conducted, in which the relative
importance of the criteria classes is indicated. There are
different methods of normalization, but the most popular is the
eigenvector method. The eigenvector method uses an inverse,
square matrix decomposition A, instead of the maximum
eigenvalue (/yax):

Table 1. Incompatibility index (IA) of random matrices for N < 10 (Saaty,
1980).

N 1 2 3 4 5 6 7 8 9 10
IA- 0 0 058 09 112 124 132 141 145 1.45

1 L Wj(Ai)
Jmax = N ; -
where, A is the matched comparison matrix, W is the weight
vector, and A is the scalar (number), respectively. Once the
option priority vectors have been provided for all the criteria,
the calculations are repeated to prioritize and determine their
weights until the highest hierarchical level is reached.

A compatibility check of the decision makers’ judgments was
carried out based on the relevant mathematical relationships.
The results were studied according to the comparison matrices.
Regarding the relation below, the matrix A = [aij] will be
compatible if the following relation holds between all elements
(Ghodsipoor, 2006):

atk = aij Xajk — 1,7,k =1,2,3,...,n (2)

where, An.x is always greater than or equal to n. If the matrix
moves a little away from the compatibility mode, /. Will be a
little away from n. Thus, the difference between A, and n
(namely, Anax — 1) can be a good reference with which to
measure matrix incompatibility. The scale of (A2 — 1) depends
on the value of n (the length of the matrix). It can be defined as
follows to meet dependency, and this is called the consistency
index (CI):

Cl=)max—n/n—-1 (3)

The control of the compatibility of the judgments of the
decision makers was carried out based on indices of incompat-
ibility. The values of the incompatibility index were calculated
on matrices in which the numbers were completely random-
ized. This has been called the random incompatibility index
(IA), and their values are equal in Table 1 for n-dimensional
matrices.

The consistency ratio (RC) was obtained for each matrix
based on the division of the consistency index (CI) over the
random incompatibility index (IA), which is a good criterion for
judging incompatibility matrices.

RC = CI/IA (4)

If the number is less than or equal to 0.1, then the compatibility
of the systems can be accepted; otherwise, the judgments must
be revised (Ghodsipoor, 2006).

Evaluation of the Contribution Rate of the Criteria
The database used for the mapping of areas at risk of flooding
was previously processed in the free software QGIS 3.18. Each
criterion map was produced in raster format with a size of 30 m
X 30 m. From the dimensions assigned to each class of criteria,
the “Reclassify raster” module was used to produce the layers
(Ake et al., 2018). The aggregation of the different layers using
the “weighted overlay” module made it possible to establish the
final flood risk map of the Tongo Bassa watershed. The
iterative calculation of the resulting final map was performed
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Figure 3. Elevation map, which presents ratings assigned to elevation classes in the watershed to describe the magnitude of flooding (1 =1low; 2 = medium; 3 =

high).

according to Equation (5) below:

S =" wixi (5)

where, S is the result or contribution (linear combination of
criteria values, y;, weighted by weights, w;), w; is the weight of
criterion i, and x; is the criterion. The summary of the
processing carried out is presented below (Figure 2).

Validation

The final map of areas at risk of flooding was validated with
the flood points surveyed on the ground directly after the flood
of 21 August 2020. After cross-checking the two pieces of
information, the areas at high risk are better represented.
Several authors (Daouda et al., 2022; Lee, Kang, and Jeon,
2012; Mahmoud and Gan, 2018; Pradhan et al., 2011; Tehrany
et al., 2014) have used statistical methods, in particular, the
area under the curve (AUC), for validation because they have a
lot of data and regularly integrate 10 criteria on average.

To represent the extent of the areas likely to be flooded for
better flood management, this study shows that the flood points
surveyed after an actual flood are quite sufficient for validation.

RESULTS
This part presents the results of the processing. It will
describe in turn the criteria involved in the analysis model in
order to better justify the map of areas at risk of flooding.

Analysis and Mapping of the Main Studied Criteria
In this study, four main criteria (elevation, drainage density,
distance to watercourses, and land cover) were used to map the

flood zones in the Tongo Bassa watershed in Douala using the
AHP. The results are presented in the form of tables and
figures.

Elevation Map

Elevation plays a very important and effective role in flood
susceptibility (Poussin and Botzen, 2014). Lower-elevation
areas are more likely to be flooded, and low areas are the points
of convergence of different streams (Rahman et al., 2021). The
Tongo Bassa watershed is laid out on almost flat terrain with
elevations between 0 m and 60 m, for an average of 30 m. The
map of elevations in the area is shown in Figure 3, where
elevation has been subdivided into three classes (<10 m, 10-30
m, and >30 m) represented by the percentages: 0.63%, 0.26%,
and 0.11%. These different classes were assigned grades 3, 2,
and 1, respectively (Table 2).

Drainage Density Map

Drainage density is defined as the ratio of the total length of
streams in a watershed to the area of the watershed. The
higher the drainage density of an area is, the more likely it is to
be flooded, which justifies its significant impact on the
occurrence of floods (Kouassy et al., 2019). The drainage
density map shown in Figure 4 has been classified into three
classes, with values ranging from 0 and 4.5 km/km?2 These
values are high around watercourses and at confluences. Due
to its significant contribution to the flooding process, the
highest density class received a score of 3, while the lowest
density class received a score of 1 (Table 2).
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Table 2. Table presenting the relative importance of each criterion in the genesis of floods in the catchment area studied.

Criterion
Risk Reclassification Class Weighting
No. Criterion Classes Level Note Weight Coefficient
1 Elevation <10 High 3 0.63 0.446
10-30 Medium 2 0.26
30+ Low 1 0.11
2 Drainage density 0-1.5 Low 1 0.11 0.068
1.5-2.5 Medium 2 0.26
2.5-4.5 High 3 0.63
3 Distance to watercourses <100 High 3 0.68 0.174
100-200 Medium 2 0.21
200+ Low 1 0.1
4 Land use Vegetation Low 1 0.11 0.283
Roads Medium 2 0.41
Buildings High 3 0.49

Map of Distance to Rivers

Distance to watercourses is a factor generated by water-
courses that highlights the risk of flooding due to the proximity
of populations and infrastructure to the channel (Ake et al.,
2018). The distance map of the area has three main classes: 0—
100 m, 100200 m, and >200 m. The river class distance with
the lowest values (0-100 m) has a high risk of flooding and
therefore has a score of 3 (Figure 5). Those with a high distance
from the river values (>200 m) have the opposite effect. This
last class received a rating of 1 (Table 2).

Land Cover
Land cover has a significant influence on flooding (Magda-
lena et al., 2017; Rahman et al., 2021). While vegetation

promotes the infiltration process, buildings, roads, and other
urban development tend to promote runoff, which increases
flooding. The land cover map of the Tongo Bassa watershed is
shown in Figure 6. It is subdivided into three main classes:
built-up areas, which make up 66.12% of the basin area;
vegetation (8.81%); and roads, including other spaces, which
represent 25% of the catchment area. Scores of 3, 2, and 1 were
assigned to each class based on their influence on flooding
(Table 2).

Interrelationships and Pairwise Comparisons of
Criteria

Knowing that all the criteria do not have the same degree of
influence on the flood generation mechanism in the area, it is
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Figure 4. Drainage density map, which presents scores assigned to the density classes of rivers in the watershed to describe the magnitude of flooding (1=1ow; 2=

medium; 3 = high).
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Table 3. Characteristic weight of the contribution of the criteria and coherence ratio (RC), which demonstrates the coherent character of the reasoning

established.

Elevation Land Use Distance to Watercourses Drainage Density Medium (Cp) Amax c RC
Elevation 1 0.2 0.14 7 0.446 4.14 0.045 0.05
Land use 5 1 3 3 0.283
Distance to watercourses 7 0.33 1 0.33 0.174
Drainage density 0.14 0.33 3 1 0.068

necessary to determine the weight of each of the criteria for the
studied phenomenon.

Criteria and Influence on the Flood Zone

The determination of a risk area is only possible if each factor
is taken independently. The relation of Shaban et al. (2001) was
applied to the criteria to evaluate the influence of each of them
on the susceptibility to floods, and results are summarized in
Figure 2. For two parameters separated by a broken arrow,
that to which the arrow is pointing is more important relative
to the other; conversely, when the line is continuous between
two parameters, the one to which the arrow points is less
important. The sum of the number of points for each risk factor
is recorded in Table 2. The descending order of all these
parameters according to their sensitivity to the phenomenon
studied is as follows: elevation, land use, distance to rivers, and
drainage density.

Weight of Factors

The matrix comparing pairs of parameters was produced to
determine the weight of each factor (Table 3). On this basis, the
first line of this matrix shows the importance of elevation
compared to the other parameters. Calculating the weights (w)
from the eigenvectors of the classification matrix revealed that
the minimum value of 0.068 corresponds to the weight of
drainage density and the maximum value of 0.446 corresponds
to the weight of elevation (Table 3). Thus, the density of
drainage is considered to be the least important factor in the
process of generating floods, and the relief, in particular, the
elevation, is the most important.

Consistency Report

The consistency ratio was used to check the consistency of
judgments. In this study, the random index (AJ) and coherence
index (CI) values for the four (4) parameters were respectively
0.9 and 0.045 for a coherence ratio of the order of 0.05 or 5%
(Table 3). This last value is less than 10%, which proves that
the hierarchical matrix is acceptable (Elkhrachy, 2015). This
coherence ratio value is higher than that obtained by
Hammami et al. (2019), i.e. 0.013 (1.3%), and lower than those
of Kazakis, Kougias, and Patsialis (2015) and Ake et al. (2018),
with values of 0.08 (8%) and 0.07 (7%), respectively, obtained
within the framework of the mapping of floodplains on the one
hand and the potential recharge of groundwater on the other
hand. However, these values vary depending on the number of
parameters used.

Flood Risk Map

The mapping of areas at risk of flooding is linked to the
values of the factor weights associated with the respective
scores of the different maps of the different criteria (Hammami
et al., 2019). It was established in a GIS according to Equation

(5). Table 3 shows the weight of each criterion, which reflects its
estimated contribution to flooding in the watershed according
to the model: elevation (44.6%), land cover (28.3%), distance to
waterways (17.4%), and drainage density (6.8%). The flood risk
index values thus obtained were then classified. The higher is
the value, the more susceptible is the area to the risk of
flooding. Three classes of flood risk, ranging from a low-risk
class to a high-risk class, were distinguished (Figure 4). The
areas at high risk of flooding occupied 5.7 km? of the surface
area or 13.57% of the total surface of the catchment area. Areas
at medium risk of flooding occupied 8.3 km? of surface area or
19.76% of the total surface of the catchment area. Areas at low
risk of flooding occupied 28 km? of surface area or 66.67% of the
total surface of the catchment area.

Model Validation

Historical data and flood points collected in the field after the
21 August 2020 flood event were used to validate the
hierarchical multicriteria analysis model established in this
study (Figure 7). The sensitivity analysis of the model consisted
of checking the sensitivity of the results to changes in the
weights of the criteria considered in the analysis. Analysis was
done based on the interrelation between the criteria of the
model by changing their respective weights. Thus, a combina-
tion of 4* =256 iterations was applied to the criteria in the GIS.
The results obtained from these tests were compared with
historical records and flood points collected in the field. The
order of the parameters, revealed by weight, that best
represented the data of the flood points collected in the field
after the flooding of 21 August 2020 followed the sequence:
elevation, land cover, distance to watercourses, and drainage
density.

The city of Douala has more than 60 districts affected by
more than four floods during the period 1984-2018, and 12
have experienced nine or more major flood events. These are
essentially located in the middle to lower parts of the main
watersheds of the city (Bruckmann, et al., 2019). Figure 8
presents the distribution of neighborhoods in the studied
watershed and the frequency of major floods in certain
neighborhoods from 1990 to 2018. The Makepe, Pk 8, and
Bepanda neighborhoods can be cited as those where not less
than six floods were recorded with significant damage. These
neighborhoods, where the frequency of flooding is high, are also
located in the high-risk areas determined by the multicriteria
model. This shows that the flood sensitivity method adopted
can predict the probability of an area being flooded quite
accurately.

DISCUSSION
The test of Saaty (1980) applied to the present work revealed
that the criteria that considerably influence the phenomenon of
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Figure 7. Map of the flood zones, which presents areas at risk of flooding in the Tongo Bassa river basin resulting from the hierarchical multicriteria analysis

and best reflecting the flood points collected in the field.

flooding in the watershed of Tongo Bassa are the elevation, the
land cover, the distance to the rivers, and drainage density.
These criteria were highlighted by Das and Gupta (2021) in the
Subarnarekha Basin (India). They used 12 criteria, and their
results revealed that the criteria that most influence flood
susceptibility in this area are elevation, slope, topographic
wetness index, and drainage density. The presented results are
consistent, although the number of criteria used is different.
Unlike this study site, located in an estuary area and
characterized by flat relief, their work was carried out in an
area with much more variable relief, and this justifies the
larger number of criteria associated with this to better identify
flooded areas. The reasoning classifies elevation as the main
criterion contributing the most to flooding. Meva’a, Fouda, and
Bonglam (2010) indicated that the almost horizontal relief of
Douala is one of the main factors amplifying the frequency of
floods. Zogning, Tonye, and Tsalefack (2015) added that the
relief deserves special attention in Douala because the average
elevation is around 27 m. The density of the hydrographic
network also favors the diffusion of water in the catchment
area. After the Ngongue, the Kondi, the Moussadi, and the
Tongo Bassa Rivers, there are in the study area several other
small streams and many artificial drains contributing to feed
these main rivers, increasing the risk of flooding. With the
reduced number of criteria, criteria contribution rates can be
better assessed; this is not the case with a larger number of
criteria to integrate into the analysis. Without associating
other analyses (statistical and probabilistic), with more
certainty, the major contributing element is the topography

of the environment. Thus, a plan for lowland development and
flood mitigation should be prioritized among the management
options for better adaptation.

The superposition of the 21 August 2020 flood points on the
final map revealed that the majority of these points are located
in high-risk areas. These areas are generally located near
rivers in low elevations (talwegs) and marshy areas regularly
occupied by constructions. No flood point was found in the
medium- and low-risk zones. This can be explained by the fact
that household’s channel all their liquid and solid waste, rain
water, and household waste toward the rivers, which creates a
lot of flooding (Figure 9).

Multicriteria Analysis and Established Reasoning

The multicriteria analysis provides valuable assistance in
the geospatial characterization of hydro-geomorphological
phenomena involving several parameters or criteria. Coupled
with GIS, it makes an undeniable contribution to the
knowledge of areas susceptible to flooding in the Tongo Bassa
watershed in Douala. This work is the first of its kind to use a
wide range of free remote-sensing data (SRTM, Landsat
images) to assess the susceptibility of the Tongo Bassa
watershed to flooding in a context of global change. In the
context of a lack of precise data, these results constitute a first
step in the search for an effective solution to the flooding issues
in the city of Douala. Indeed, while hydraulic modelling
provides valuable knowledge about the spatial distribution of
areas at risk of flooding, this approach is very expensive and
requires a lot of precise data, material, and financial resources
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Figure 8. Map of the flooded neighborhoods, which presents the frequency of occasional floods in the catchment area.

that the city of Douala is unable to afford. The hierarchical
multicriteria analysis methodology developed in this study can
be applied in other watersheds of the city of Douala. The only
difference is that the assessment of the criteria that would be
included in the flood risk mapping should take into account the
inundation points of an experienced flood and the specificities
of each catchment area. The tidal phenomenon at the outlet of

the watershed cannot be taken into account as a criterion in
this analysis approach. However, this parameter could help to
better understand the final result, as is the case in the present
study. The criteria should be carefully chosen to avoid
redundancies. For example, in the Tongo Bassa watershed,
with its almost flat relief, the use of elevation and slope criteria
in the analysis model is redundant. Moreover, on sites with

Figure 9. Some anthropogenic activities that promote flooding in the Tongo Bassa watershed in Douala: (A) dumping of household waste into the waters during
the flood of 21 August 2020; and (B) construction in low areas close to watercourses.
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highly variable relief, the combination of these two parameters
is relevant to better identify flood-prone areas (Arabameri et
al.,2019; Mahmoud and Gan, 2018; Piriet al., 2019; Srivastava
and Bhattacharya, 2006; Tang et al., 2018).

Moreover, when the criteria are too numerous, the risk of
inconsistencies in the judgments is too high, and the method of
Saaty (1980) can be difficult to implement (Chakhar, 2006).
Consuegra, Joerin, and Vitalini (1995) also indicated that this
method asks the decision maker to consider all possible
comparisons, implicitly assuming that all the criteria consid-
ered are perfectly comparable. The standardization of criteria
facilitates and makes possible their combination.

Limitations of the Methodology Applied in this Study

The connection of the Tongo Bassa watershed to the Wouri
River implies a reverse circulation of water during the rising
tide up to a certain level upstream in the river. This increases
the size of the flooded surfaces in the watershed. Depending on
the rising and falling speeds of the waves and ebbing in the
Wouri River, there will be variable proportions of water supply
in the catchment area up to a certain elevation from the bottom
profile of the river or currents in opposite directions. Field
observations allowed us to record the tide about 1.5 km from
the outlet of the watershed. This rise in water slows down the
flow towards the outlet, which induces an increase in the
volumes of water and an increase in the concentration time of
the water at the surface. The reverse of the flows in the Wouri
River has the consequence of reducing the flow velocity in the
drains connected to it by around 16% and increasing the wetted
surface by 30% (Ndongo et al., 2015). The contribution of the
Wouri waters through the tidal phenomenon is not to be
neglected in the process of flooding in the Tongo Bassa
watershed. The proposed flood-prone risk area mapping in
this present study includes the contribution of the tide but does
not indicate its level of exacerbation. The tide would be better
taken into account in a hydraulic modelling study. The flood
risk areas observed upstream on the rivers on the map could be
justified by the barrier effect of the waters at the outlet induced
by the tide. The tide prevents the waters from flowing freely at
the outlet, thus creating an upwelling of these waters on land
with longer stagnation times.

CONCLUSION

This study was based on GIS and hierarchical multicriteria
analyses to map the areas at risk of flooding in the watershed of
the Tongo Bassa River in Douala. Four criteria were used for
the model analysis. The study showed that the main criteria
contributing to flooding in order of priority are: elevation, land
use, distances to watercourses, and drainage density. Accord-
ing to these results, areas at high risk of flooding were mainly
identified in areas with elevations <10 m above mean sea level,
high drainage density between 2.5 and 4.5 km/km?, areas close
to rivers at distances <100 m, and built-up areas at the edge of
watercourses in wetlands. The flood points collected directly
after the heavy flood of 21 August 2020, helped to validate the
flooding risk area map. Three levels of risk were identified: high
risk, medium risk, and low risk, where 13.57% of the total area
of the watershed is subject to a high risk of flooding. By using
historical flood records, the chosen methodology proved to be

reliable for the delineation of flood risk areas. This mapping
would make it possible to better understand the areas exposed
to flooding and could help city managers in planning and
implementing management actions aimed at better adapting to
flooding in Douala.
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