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Abstract

During this last decade, urban flooding has become recurrent in Senegal, particularly in the city of Dakar. The causes are multiple
and varied, with devastating impacts on population well-being and the urban environment. For sustainable and harmonious urban
development, flood risk mapping should be integrated into urban planning policies. This study aims to map areas vulnerable to
flooding at regional, departmental and communal scale, using Remote Sensing, Geography Information System (GIS) and
Multicriteria Evolution Approach (MCEA). Twelve criteria layers were defined to identify flood-prone areas, including Rainfall,
Elevation, Slope, Groundwater level, Soil type, Impervious surfaces, Land use/cover, Population density, Housing type and
structure, Humid zones, Drainage density and Standard of living. A Weighted Linear Combination (WLC) technique was applied
and adapted in this study to map flood vulnerability. The criteria were scored and weighted according to their relative importance,
as defined by local experts. ArcGIS 10.1 software through its extension Weighted sum overlay tool, was used to aggregate
criteria layers into three main indicators: “Socio-economic”, “Physical environment” and “Land use/cover”. The results indicate
that approximately 60% of the Dakar urban area is highly vulnerable to flooding according to the "Physical environment”
indicator, compared to 12% and 10% for the "Socioeconomic" and "Land use/cover indicators, respectively. Overall, the
combination all indicators shows that about 50% of Dakar urban environment is vulnerable to flooding. This vulnerability mainly
concerns the departments of Pikine, Guediawaye and Keur Massar, where more than 80% of areas are classified as highly
vulnerable. At the municipal and departmental scales, vulnerability indices are higher (greater than 0.7) in these areas compared
to the department of Dakar (0.37) and Rufisque (0.14). Validation of final flood vulnerability map was conducted by comparing
the most vulnerable areas identified in this study with those severely affected by floods observed using Earth Observation
Satellite (SPOT) imagery in September 2005 and 2009. The validation results show an overall accuracy approximately 0.95 and
0.90 for the two respective dates. Understanding the level of vulnerability of the Dakar urban environment, as well as the
contribution of each factor, can serve as a decision-support tool for rational and localized management of flood-prone areas in
the context of climate change.

'Correspondence: Mamadou Lamine Ndiaye (lamine.ndiaye@cse.sn)

Received: 14 June 2026; Accepted: 24 June 2026; Published: 6 August 2026

® Copyright: © The Author(s), 2026. Published by Science Publishing Group. This is an Open Access article, distributed
@ under the terms of the Creative Commons Attribution 4.0 License (http://creativecommons.org/licenses/by/4.0/), which

permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.



http://www.sciencepg.com/journal/ajep
http://www.sciencepg.com/journal/163/archive/1631504
http://www.sciencepg.com/
https://orcid.org/0000-0002-8800-3665
https://orcid.org/0009-0004-3724-417X
https://orcid.org/0009-0000-5049-3550
https://orcid.org/0000-0002-3597-103X
http://www.sciencepg.com

American Journal of Environmental Protection

http://www.sciencepg.com/journal/ajep

Keywords

Geography Information System (GIS), Remote Sensing, Multicriteria Evolution Approach (MCEA),
Weighted Linear Combination (WLC), Flood Vulnerability, Dakar Urban Environment

1. Introduction

Floods are one of the major environmental crises that hu-
manity faces these last decades [1-5]. They are among the
most devastating natural disasters that produce the most
damage [6-9]. Flooding in urban areas become nowadays, a
serious problem for populations in African countries, partic-
ularly in West part, where entire neighborhoods on the out-
skirts of cities are almost annually paralyzed by massive
flooding, due to uncontrolled urban growth, poor urban plan-
ning and inadequate storm water drainage systems, and
which is expected to be exacerbated by climate change [10-
13]. This problem of urban flooding, whose Dakar region is
subject, pushes the scientific curiosity to think about the pos-
sibilities of locating the most vulnerable areas, given the sig-
nificant heterogeneity of factors which should be highlighted
[14]. Indeed, floods have been observed in Dakar since the
early 1990s, but their magnitude and intensity are noted from
the 2000s. Between 2000 and 2012, significant amounts of
rainfall are recorded in Dakar. Thus, flood events with sig-
nificant impacts are recorded in August 2005, 2009 and 2012.
In August and September 2005, nearly 6,500 houses were
affected by floods and 200,000 people in the poor and over-
crowded suburbs of Dakar had their feet in water [12, 15-17].
During 2009 floods, 30,000 houses were affected, covering
a total area of 11.64 km?, including 10.78 km? in Pikine and
0.86 km? in Guédiawaye department [15]. In Pikine, 371
neighborhoods were counted for 28,053 flooded houses and
at Guédiawaye 27 neighborhoods for 1,587 houses are
flooded. Nearly 360,000 people, or 44% of Pikine population,
are affected, against 22,000 people in Guédiawaye, i.e. 7.2%
of its population [17, 18]. And 2012 floods caused more
damage [19]. According to [15] in 2012, the Action Plan re-
port for flood control (ORSEC), reported 26 flood-related
deaths, 264,000 disaster victims and 7737 affected houses.
The damage caused by floods in recent decades, in Dakar,
has made populations, researchers and public authorities
aware of the region's vulnerability to flooding. This vulner-
ability is jointly manifested by the rapid and unplanned ur-
banization around spaces declared non aedificandi (Unsuita-
ble for habitation) by all urban planning documents. Deter-
mining areas vulnerable to flooding as one element of flood
hazard maps related to disaster management for urban devel-
opment is necessary [20]. Therefore, with increasing effects
of floods, spatial knowledge of risk has become a necessity
for researchers [21-24]. This will require identifying, com-
bining and analyzing all the elements to characterize such
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areas. Remote Sensing, Geographic Information Systems
(GIS) and Multicriteria Evolution Approach (MCEA) will
serve as global approaches to spatial modeling. This latter
allows viewing, analyzing and understanding the spatial de-
vice of Dakar region, for the establishment of flood vulnera-
bility map. This helps to identify priority intervention areas.
According to [7, 25] vulnerability can be defined as the pro-
pensity to damage or dysfunction of different exposed ele-
ments constituting a territory and a given society. Vulnera-
bility to flooding is linked to several factors of natural and
anthropic orders [7]. The second is accentuated by urban so-
ciety reflecting the underdevelopment and socio-economic
conflicts in a limited space and coveted [6]. The vulnerabil-
ity of Dakar city to flooding is mainly due to the physical,
economic and environmental constraints which reduce the
power of adaptation of populations increasingly exposed to
flooding [21, 22]. The regions and societies most vulnerable
to floods, climate change and their damage, are those whose
economic situation is unfavorable and localized in areas at
risk. It is the peculiarity of the Niayes area where the ground-
water is flush. These areas are practically very vulnerable to
flooding [23, 26, 27]. For the spatiotemporal modeling and
decision support tools, Geographic Information Systems and
Remote Sensing tools offer a potential for characterization
and elaboration of indicators helping to improve territorial
management policies. Several works devoted to the evalua-
tion of vulnerability to flooding in Dakar urban environment,
are based on a qualitative method involving to areas de-
scribed as specific. This approach is based on the cost eval-
uation of damages suffered by the affected populations.
Given the mass of heterogeneous information to take into
consideration [14], study on spatial multicriteria analysis be-
comes a necessity. It is through these techniques, to charac-
terize the vulnerability of urban areas and development pro-
jects at risk due to the Land use mode [28]. The vulnerability
is treated encrypted from various qualitative data. Each vul-
nerability criterion is standardized and then weighted ac-
cording to its importance. According to [29], an evaluation
index defines the value of land use in terms of economic and
human issues. Several multicriteria analysis methods have
been developed throughout these years to identify areas vul-
nerable to flooding, among others, Analytical Hierarchical
Process AHP [30], Weighted Linear Combination (WLC)
[31] or Ordered Weighted Average (OWA) [32] has devel-
oped over the past decades. These approaches also apply to
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the study of the vulnerability of land facing a natural phe-
nomenon [1, 14, 29, 33-37]. Weighted linear combination is
a multi-criteria decision analysis technique that can be used
by decision-makers to select an optimal location from a col-
lection of alternative locations [31, 38, 39]. WLC is com-
monly used for generating suitability maps [40-42]. In this
study we used this approach for selecting areas vulnerable to
flooding in Dakar urban environment. Our motivations
through this study, may be grouped at three category: i) The
most studies on flood vulnerability are not in fact based on
the geoinformation data and spatial multi-criteria analysis in
order to identified the most vulnerable areas to flooding; ii)
There is a little research and no concerned efforts have been
made at Dakar region scale in order to provide a consistent
and equitable flood vulnerability management framework
for all departments, communes, population groups and eco-
nomic sectors; iii) Flood risk mapping is absent in most ur-
ban planning documents and this situation constrains any
harmonious and sustainable development process in the re-
gion. The awareness of this situation by researchers, which
is increasingly translated into the production of decision-
making documents on several scales. Thus, this study aims
to implement a relevant indicator, an alert system to help
policy makers and public opinion in the management step
and flood prevention in general and urban flooding in partic-
ular.

Dakar
Agglomeration

2. Materials and Methods

2.1. Study Area and Data

This study was conducted in Dakar region, which is located
in the extreme west of Senegal and African continent (Figure
1). It covers an area of 550 km? representing 0.28% of national
territory. Dakar population is estimated at about 4 million in-
habitants [43]. Administratively, the region is divided into five
departments (Dakar, Guédiawaye, Pikine, Keur Massar and
Rufisque) and 54 Communes. Its geomorphology is character-
ized by a dune relief. Between these dunes, extend the Niayes
which are closed depressions with flush water level [27, 44].
The topography is low in Pikine, Guédiawaye and Keur Mas-
sar departments. The climate is Sahelian coastal-type with a
rainy season from 3 to 4 months and a dry season from 8 to 9
months. Its average annual rainfall is estimated at 400mm.
The minimum temperatures are between 12°C and 20°C and
maximum between 28°C and 36°C [45]. Geology is consisted
of dune sand, clay and organic sandy clays. In this study we
used several types of data. Most of them come from previous
work. Among these data we have, soil map [46], groundwater
level [47] and standard of living [48]. Others data include pop-
ulation counts by commune [43, 49, 50], administrative divi-
sion of Dakar region, Digital Elevation Model (DEM) of Shut-
tle Radar Topography Mission (SRTM), Tropical Rainfall
Measuring Mission (TRMM) with a monthly time step and
Landsat Satellite Image (OLI_TIRS 2024).

A

E] Department boundaries

Municipal boundaries

Projection : WGS 1984, UTM Zone 28N

Figure 1. Location and extent of Dakar region, Senegal, Africa. On this map are also represented the limits of the departments and communes.
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2.2. Criteria Identification, Description and

Processing Types

Twelve criteria of vulnerability derived from Remotely
Sensed, GIS and others thematic maps data were integrated in
this study, namely, Rainfall, Elevation, Slope, Groundwater

level, Soil types, Impervious surface, Land use/cover, Popula-
tion density, Type and structure of habitat, Humid zones,
Drainage density and Standard of living. Their characteristics
are summarized in Table 1. A flow chart showing the integra-
tion of Remote Sensing, GIS and map data represented by ras-
ter or layer corresponding to a given theme or class adopted in
this study is shown in Figure 2.

Table 1. Characteristics of relevant criteria selected in this study.

Data Types

1 Rainfall RS

2 Elevation RS

3 Slope RS

4 Groundwater level GIS

5 Soil types GIS

6 Impervious surface RS

7 Population density Mapping

8 Land use/cover RS

9 Type and structure of habitat Mapping

10 Humid zones RS

11 Drainage density RS

12 Standard of living Mapping
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Figure 2. Flow chart showing the integration of Remotely-Sensed, GIS, Mapping data, and spatial multi-criteria analysis for mapping areas

vulnerable to flooding in Dakar urban environment.
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Rainfall

Flooding is indirectly related to the rainfall variability. But
its spatial variation, intensity, frequency and duration may be,
among other factors, the source of severe floods in Dakar, dur-
ing the recent years, causing loss of life and damage to the
health and property of the population. Rainfall in Dakar not
last for more than 4 months, and monthly intakes vary consid-
erably during rainy season. August is the wettest month [56]
and consequently floods are mostly recorded during this
month (August 2005, 2009 and 2012). The integration of this
key factor is therefore makes sense to carry out this study.
However, given that the only functional rainfall station in Da-
kar doesn’t allow a spatialization of rainfall over the whole
territory, we used remote sensing data TRMM-3b43 in the
monthly time step. In total, 180 images are downloaded,
among 2000 and 2024 from the National Aeronautics and
Space Administration (NASA) website. These data are ini-
tially georeferenced, in addition rainfall in mm/hour are con-
verted to mm/month. This result was used to extract the rain-
fall from the study area. Then, we calculated the interannual
cumulations average using equation (1).

— 1 &
c=—)>¢C 1
NG (1)

Where C isthe average of interannual cumulations; i is the
cumulation in a given year and N is the series length.

Elevation

Elevation is derived from DEM which is an ordered array
of numbers that represents the spatial distribution of eleva-
tions above some arbitrary datums in the landscape [56, 57].
It portrays accurate representation of land surface which was
suitable for medium scale mapping [58]. Elevation is an im-
portant criterion, given that floods are a water-related problem,
mainly rainwater in this context. In principle, water flows
from the highest peaks to the lowlands. In Dakar, peri-urban
area corresponds to an outlet for run-off and rainfall. The min-
imum altitude of the area ranges from 2 m to 7 m above sea
level. The vulnerability of this space is due to their high den-
sity of habitat and population (irregular for most), and its spe-
cial geographical location. The Shuttle Radar Topography
Mission (SRTM) is used to generate the Triangulated Irregular
Network (TIN). It is a network of interconnected triangles
with irregularly spaced nodes or observation points with x, y
coordinates and z values. His advantage is its ability to gener-
ate more information in areas of complex relief, and avoiding
the problem of gathering a lot of redundant data from areas of
simple relief [59].

Slope

The slope is the ratio of steepness or the degree of inclina-
tion of a feature relative to the horizontal plane [20]. It is an
important parameter to be taken into account in order to un-
derstand the vulnerability of a given areas. Low slopes favor
the accumulation of rainwater, and conversely for steep slopes.
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It is an important parameter to be taken into account in order
to understand the vulnerability of a given areas. Low slopes
promote the accumulation of rainwater, and conversely for
steep slopes. The low slopes are located mainly in the peri-
urban zone and a little towards the extreme east of Dakar re-
gion. This environment contains many natural or temporal
wetlands. Elevation layer was used for generate the slope.
More than 25% of low slopes (<5%) are located in the peri-
urban area of Dakar, which explains its high vulnerability
compared to the rest of Dakar region.

Groundwater level

The depth of the groundwater level is also a determining
factor in the study of the vulnerability of a given region. Ac-
cording to [47], it varies between 1.12 and 25.67 m, in Dakar.
This variation depends both by the season and the duration of
the rain. Low depths are recorded in the east of the region, in
the peri-urban area (Thiaroye-Pikine) where the groundwater
level is at a nearly level sometime. Accordingly, the number
of water subscribers has substantially increased in the peri-ur-
ban area from 254 000 to 536 000 between 1997 and 2011 [60].
Combined with the cessation of groundwater pumping and the
increase in the discharge of water after use increases the risk
of flood [61]. The groundwater level data of [47] are vector-
ized and interpolated by the Inverse Distance Weighted (IDW)
method. This tool uses an interpolation method that evaluates
cell values by calculating the average of the sampling point
values in the near vicinity of each processing cell. The closer
a point is to the center of the cell being under analysis pro-
ceeds, more it exercises significant influence on the averaging
process. According to [62], it is weighted moving average.

2

Where xy is the estimation point and x; are the data points
within a chosen neighborhood. The weights () are related to
distance by d;; [63].

Elevation

Knowledge of soil type is essential to carry out the vulner-
ability studies related to flooding. Indeed, the formation type
is indirectly linked to the risks of flooding. Hydromorphic
soils have positive effects on flooding [21, 23]. They represent
around 50% of the peri-urban area of Dakar. There are moist
depressions at the bottom of which ponds and lakes are gen-
erally associated with groundwater fluctuations, what makes
the originality of this area. The soil layer used in this study
resulted from the works of [46, 53]. The layer is vectorised
and then converted to raster with an output resolution set at
30m.

Population density

With a considerable demographic weight estimated at about
3 million inhabitants, Dakar is characterized by an unequal
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distribution of its population over its territory. The most im-
portant densities are located in the heart of the periphery of
Dakar agglomeration, precisely in the departments of
Guédiawaye, Keur Massar and Pikine. This high density, in a
small space, increases the vulnerability of these populations to
floods. A population density map was used for this study. It
will be georeferenced, digitized and rasterized with a resolu-
tion of 30m.

Land use / cover

Land use / cover can reveal the vulnerability degree from
one class to another. In principle, densely populated areas
(houses, roads, infrastructure and equipment, etc.) are consid-
ered as the most vulnerable to flooding [64]. In the other hand,
the vegetation cover seems the least vulnerable because of its
root system which promotes infiltration. To extract Land use
/ cover criterion, we used a Landsat image of Operational
Land Imager (OLI) sensor acquired on December 2024. The
OLI image was geometrically registered into a Universal
Transverse Mercator (UTM) projection, WGS 1984 and Zone
28 N, with geometric error of less than 0.5 pixels. The nearest
neighbor resampling method was used to resample the Land-
sat image into a pixel size of 30 x 30m during image-to-image
registration. After the registration, Operational Land Imager
(OLI) image was atmospherically and radiometric ally cor-
rected, using the Dark Object Subtraction (DOS) method, in
order to standardizes imagery for the effects caused by solar
zenith angle, solar radiance, and atmospheric scattering [65,
66]. Here are the equations used for Landsat image calibration
(3 and 4):

L.=gain,.-DN.+bias. 3)

R.=PI-D (L -L,.)/(Esun, cos(d)) )

Where, L, is the apparent at-satellite radiance for spectral
band A, DNy, is the digital number of spectral band A, Ry is the
calibrated reflectance, Li.haze is path radiance, Eqn. is exoat-
mospheric solar irradiance, D is the distance between the
Earth and Sun, and 6 is the Sun zenith angle. The path radiance
for each band is identified based on the analysis of water bod-
ies and shades in the images. The gain; and bias, are radio-
metric gain and bias corresponding to spectral band A, respec-
tively, and they are often provided in an image head file or
metadata file. An enhancement of the histogram of the image
was performed to lengthen the intensity levels from 0 to 255
values [67]. A "Mask Sea" has been realized to eliminate the
pixels corresponding to the sea in order to facilitate the oper-
ation of classification. Neo-channels (Principal Component
Analysis (PCA) and Normalized Difference Vegetation Index
(NDVI)) were created to limit redundancy in spectral bands
and to increase soil-vegetation contrast. Finally, on the first 03
main components, associated with the NDVI image, segmen-
tation, classification and validation were performed. Image
classification has allowed identifying five land use/cover clas-
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ses: build vegetation, crop land, water and bare soil. Classifi-
cation results were validated by the ground truth data taken
from the field campaigns and other map database existing in
the study area.

Impervious surface

Impervious cover is a material on the land surface through
which water cannot infiltrate [68]. Buildings and paved sur-
faces (e.g., asphalt, concrete) are considered impervious co-
vers [69]. Impervious surfaces are also considered as a deter-
mining factor in flood vulnerability study, mainly in urban en-
vironment. In Dakar, impervious surfaces due to the densifi-
cation of the building, the development of the road network
and the anarchic backfill are among other factors the sources
of Dakar vulnerability to flooding. The impervious surface
was generated by remote sensing using Linear Spectral Mix-
ture Analysis (LSMA) model. The linear spectral mixture
analysis approach is based on the assumption that the spec-
trum was a linear combination of the spectral of all compo-
nents in a pixel; the spectral proportions of the components
represented the percentage of the surface features [70]. It was
also assumed that there was no interaction between the pho-
tons reflected by each component. The linear spectral mixture
analysis (LSMA) was adopted in this study for un-mixing pix-
els. The mathematical model of LSMA could be expressed as:

N
R, =Z) f R.*e, )

Where R; is the apparent surface reflectance for each band
b in the in the Landsat 8 OLI; F; is the fraction of endmember
i; Rip is the reflectance of endmember i in the Landsat 8 OLI
band b. N is the number of spectral endmembers and e, is the
error in the Landsat 8 OLI band b to fit N endmembers. For a
constrained least squares solution, f; is subject to the following
restrictions:

Zn:fk=l-and-03fksl (6)
i=1

End member selection was a key step in the LSMA ap-
proach. Many approaches have been developed for selecting
end members such as the measurement spectrum based image
based method. In this study, image endmembers were chosen
and derived from the OLI image. One approach for choosing
image endmembers is selecting representative homogeneous
pixels from satellite images through visualizing spectral scat-
ter plots of image band combinations [71]. Maximum Noise
Fraction (MNF) was a helpful tool to guide image end member
selection by putting almost 90% of the information on the first
two or three components and thus minimizes the influence of
band-to-band correlation [72], besides it could reduce the
noise of the images. MNF transformation has two steps, firstly,
it and reassigned the noise in signals; secondly it executed a
principal component transition on white-noise data [70]. The
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clear delineation of feature spaces corresponding to the first
three MNF components suggests that the reflectance spectra
of the OLI image might best be represented by a four-
endmember linear mixing model. Four endmembers were
identified: These end-members are (1) high albedo (e.g. sand),
(2) low albedo (e.g. water), (3) vegetation (e.g. grass and trees),
and (4) soil. The last step is to extract impermeable surfaces.
The high albedo and low albedo endmembers cannot be di-
rectly interpreted as impervious surfaces. Moreover, impervi-
ous surfaces cannot be an endmember due to their spectral var-
iability. Thus, building a relationship between high and low
albedo and impervious surfaces is essential in this study [73].
Most impervious surfaces might be represented by low and
high albedo endmembers as follows (7).

Rimp,b = floleow,b + fhigthigh,b + eb (7)

Where Rimp, Was the reflectance spectra of impervious sur-
face of band b, low f and high f were the fraction of low albedo
and high albedo, Riowb and Ruighp were reflectance spectra of
low and high albedo for band b. Equation (7) must meet the
needs of the follow equation (8):

fo+f =l f f >0
low high and low high

Type and structure of habitat

The habitat typology, based on the variables of the last cen-
sus of the Senegalese population, relate to the characteristics
of the housing stock in Dakar region Communes. Data on
households and housings in general provide information on
the situation of housing in Dakar. The main variables used to
characterize the residential areas of the Dakar agglomeration
are as follows: (a) the size of the household, (b) the type of
housing, (c) the number of persons per room, Habitation - and
occupancy status, geographical location [74]. To this first se-
ries of variables, [55] added two fairly discriminating varia-
bles: the connection of housings to the sewer (serviced neigh-
borhoods) and the nature of the floor of the dwelling (tiled
floor). The combination of these elements is relatively im-
portant information for targeting Communes vulnerable to
flooding. As a criterion, we used the map developed by [55],
describing habitat typology and structure at the commune
level. This map is georeferenced, digitized and converted into
a raster with a resolution fixed at 30m.

Humid zones

They include water bodies and floodplain areas. These hu-
mid zones constitute the areas likely to be flooded under con-
ditions of excessive excess rainfall, causing saturation and
overflow of groundwater level. Most of them are located at the
periphery Dakar region, mainly in the departments of Pikine
and Guédiawaye. Declared by Urban Master Plans (PDUs) as
non aedificandi areas, humid zones are irregularly occupied.
Indeed, their occupation has a negative impact on the environ-

®)
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ment, ecosystems and the local economy and puts the popula-
tions at risk. Consequently, these are important factors to be
taken into account during a phase of locating areas vulnerable
to flooding. This factor is extracted in land use/cover map. In-
deed, the vulnerability level of humid zones depends on the
distances separating them from the builds. In this work, Eu-
clidean distance was calculated on all humid zones in order to
clearly delineate the vulnerability level according to the factor
of humid zones.

Drainage density

Network drainage density is a measure of the degree of river
dissection. It depends on the geology (structure and lithology)
of the topographic characteristics of the watershed and, to
some extent, on climatic, anthropogenic and vegetation con-
ditions [75]. Drainage density is also considered as a good in-
dicator to characterize vulnerability for a given environment
to the phenomenon of flooding. In general, a low drainage
density which represents a poor permeable soil, low vegeta-
tion and low slope, thus promoting infiltration, in contrast to
a high drainage [76]. And hence in Dakar the drainage net-
work is very dense at the east and west ends and less from the
region and less in the center. To spatialize the drainage density,
we opted for the grid technique, defining 200%200m vector
grids. Then we calculated the drainage density, using the
equation (9). The result is converted to raster with a resolution
of 30m.

©)

Where Y L; (meter) is the total length of streams and A is
the area (square meter or m?).

Standard of living

This factor allows integration of socio-spatial heterogeneity
in Dakar region. Unfortunately, it is reduced to the agglomer-
ation of Dakar. Vulnerability to flooding is also closely linked
to the socio-economic attributes of the populations. It results
in a lack of financial and material resources of the households
in Dakar, which places them in a precarious and unstable sit-
uation when they are subject to external threats. As a criterion,
we used the map produced by [48] on the standard of living of
the population in the Dakar agglomeration. The map is georef-
erenced, digitized and converted into a raster with a resolution
of 30m.

2.3. Assessment of Vulnerability to Floods

In this study we used WLC technique for identifying areas
vulnerable to flooding. This approach can allow decision mak-
ers to locate the most areas vulnerable to flooding. In addition,
with use of this method, the final output map will range be-
tween “very lowly vulnerable” to “very highly vulnerable”.
To assess flood vulnerability of Dakar region, all criteria was
harmonized into raster data sets with resolution of 30m. This
assessment is based on the judgment of eight experts. They
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were chosen from among the actors of local authorities, re-

searchers in geography, land-use planning and urban planning.

Each criterion was reclassified and each class was assigned a
score on a scale of 1 to 5 indicating the level of vulnerability
according to the experts opinion consulted for this purpose (1
= very lowly vulnerable, 2 = Lowly vulnerable, 3 = moder-
ately vulnerable, 4 = Highly vulnerable and 5 = Very highly
vulnerable). Consequently, there are criteria with different
numbers of classes. Weights were generally assigned to these
maps to express their relative importance. For this, we used
the method given by [31]. It consists for each evaluator to as-
sign a weight to the different criteria on a scale of 0 to 1 or 0
to 100. The scores can be an integer or in decimal, according
to the score scale used. And the sum of the scores of each eval-
uator must be equal to 1 or 100. Therefore, to obtain the final
weight for each criterion, which will be used in the aggrega-
tion step, we have been proceeding in the following manner:

the experts' score for each criterion was standardized by com-
paring the sum of scores attributed to a criterion to the total
sum of all criteria. Table 2 shows the method of obtaining the
final weights. And weights are calculated, in first, for each in-
dicator in order to determine the importance order of criteria.
And secondly, the indicators are weighted in turn before pro-
ceeding with the final aggregation. After assigning factor
scores and weights, vulnerability assessment was calculated
by using the following formula (10). In Figure 3, we describe
the hierarchical analysis process of flood vulnerability of the
region, as well as the indicators of belonging of each criterion.

S =D Wi*Xi (10)

Where, S, is the sum of the product of the individual weight,
Wi, and the score, X; for each factor, i.

Criteria

Elevation

Groundwater level

Indicator

Physical environment

Groundwater level

Goal

Soil type

Slope

Flood vulnerability
assessment

Socdioeconomic

Impervious surface

Drainage density

Land use/cover

Population density

Structure and type
of habitat

Standard of living

Land usefcover

Figure 3. Flood vulnerability analysis hierarchy. This figure show that vulnerability is evaluated in a first time according to the three vulner-
ability indicators (Physical environment, Socioeconomic and Land use/cover) relating to environment urban of Dakar region. And the aggre-

gation of indicator attributes gives global vulnerability at Dakar scale.
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Table 2. The method for obtaining the weights, affiliated to each criterion according to the experts judgment [31]. Al,. N represents an expert
taken individually on a number n. Then, Al,. n is the judgment of the expert on each criterion selected in this study. Wl,. n (41,. n: Al,. n) is
the score assigned to a criterion by a given expert. Finally, Wi is the relative weight of each criterion resulting from the standardization of the
Jjudgment of all experts.

Al A2 A3 An Wi
Al Wlat: an Wlat: a2 Wlat: a3) Wlat: An S WIalL,...an)/N
A2 W22: ap W22: a2) W22: a3 W2r2: An) > W2a2at,...any/N
A3 W1z an W3as: a2 W3a3: A3) W3a3: an) > W3(a3al,...any/N
An Wnan: an Wnan: a2) Wnan: a3) .. Wnan: An) > Wnan(at,...any)/N
N >WI,..nan >WI,..na2) >WI1,..na3) >W1,..n(An) >Wi=1
3. Results

3.1. Results Related to “Socioeconomic” Indicator

In this study, socioeconomic indicator of vulnerability refers to the population density, structure and type of habitat and stand-
ard of living factors that affect the resilience of communities. Table 3 shows the characteristics of each criterion and the scores
and weights assigned to them.

Table 3. Characteristics of the criteria related to the "Socioeconomic" indicator, as do their respective scores.

Factors or Criteria Subclasses Scores Weight
200 - 5000 ht./km? 1
5000 - 15000 ht./km? 2

Population density 15000 - 30000 ht./km? 3 0.35
30000 - 50000 ht./km? 4
Above 50000 ht./km? 5
Pericentre center and very well equipped 1
Pericentre well equipped 2

Structure and type of Habitat Suburbs near and far well-equipped means 3 0.41
outer suburbs poorly equipped 4
Suburban underequipped 5
Easy category 1
Middle class category 2

Standard of living Middle category 3 0.24
Poor category 4
Very poor category 5

Figures 4 and 5 show the results of the aggregation for all of these figures mainly shows a low vulnerability of Dakar ur-
vulnerability criteria of socioeconomic indicator. The analysis ban environment, estimated at 70.28% (154058.76 Ha). This is
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followed by areas of moderate vulnerability covering approxi-
mately 11.97% (26248.77 Ha). In addition, areas with highly
and very highly vulnerable represent respectively 7.22%
(15816.78 Ha) and 3.73% (8185.59 Ha). The latter are located
in the peripheries of Dakar region, corresponding to the tree de-
partments, Pikine, Guédiawaye and Keur Massar and to a lesser
extent in the department of Dakar. The high vulnerability of Da-
kar periphery may be linked to their low socio-economic situa-
tion and their high density of population and housing. The de-
partment of Dakar is the most populated department of the re-
gion, with 1,278,469 inhabitants, representing approximately

227000 236000 245000
1 1 1

31.9% of the regional population. It is followed by the depart-
ments of Rufisque, with 818,337 inhabitants (20.4%), Keur
Massar, with 770,314 inhabitants (19.2%), and Pikine, with
764,597 inhabitants (19.1%). The department of Guédiawaye
remains the least populated department of the region, with
372,708 inhabitants, representing about 9.3% of the regional
population [43]. These areas are also characterized by a very
low socio-economic indicator. And resident populations adapt
poorly to repetitive floods and generally to climate change.
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Figure 4. Vulnerability map according to the "Socioeconomic” indicator.
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Figure 5. Proportion of vulnerability level according to the socioeconomic indicator.
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3.2. Physical Environment Indicator

The attributes of “Physical environment” indicator used for flood vulnerability analysis include rainfall, groundwater level,
elevation, slope, soil type, imperious surface and drainage density. Their characteristics are summarizing in Table 4.

Table 4. Characteristics of the criteria related to the "Physical environment" indicator, as do their respective scores and weights.

Factors or Criteria Sub classes

Below 350 mm/an
Rainfall 400 - 350 mm/an
Above 400 mm/an
Above 40%
30 - 40%
Elevation 20 -30%
10 - 20%
0-10%
Above 20 m
15-20m
Ground Water level 10-15m

5-10m
Below 5

Tropical ferruginous soils

Soil type Halomorphic soils
Hydromorphic soils
Above 30

20 -30
Slope
10 - 20

0-10
Below 40%
Impervious surface 40 - 70%
Above 70%
Above 0.0321 m/m?
0.0363 - 0.0321 m/m?
Drainage density
0.0425 - 0.0363 m/m?

Above 0.0425 m/m?

Figures 6 and 7 show the role of physical factors in deter-
mining, characterizing and locating areas vulnerable to flood-
ing. This result is the combination of all criteria relating to
"physical environment" indicator. The analysis reveals that
low-vulnerability areas are smaller with only 0.87% (1896.75
Ha). These areas concern the communes of Ouakam and
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Scores Weight
2
3 0.11
4
1
2
3 0.18
4
5
1
2
3 0.14
4
5
1
3 0.12
5
2
3
0.17
4
5
3
4 0.15
5
2
3
4 0.13
5

Mermoz-Sacré-Coeur. The areas moderately vulnerable to
flooding are estimated at about 37.76% (82,622.07 Ha). And
areas highly and very highly vulnerable to flooding cover re-
spectively 57.67% (12,6202.86 Ha) and 3.70% (8106.3 Ha).
The areas vulnerable to flooding are located in the department
of Pikine and to a lesser extent, in the department of Dakar. It
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should be noted that the Dakar region contains many low-land,
occupied in a rapid and unplanned way. From the topograph-
ical point of view, the altitude varies from 0 to 7 m in the pe-
riphery and more than 100 m in the volcanic mountains of
Ouakam and the plateaus of Thiés. It should also be underlined
that the pedological context of the area reveals very adequate

formations for the supply of groundwater, especially in the
area of the Niayes with the presence of the dune formations.
In low-lands, the vulnerability is very important, as it consti-
tutes, in addition to the topographic, geological and hydroge-
ological context, the point of convergence or the outlet for
rainwater.

227000 236000

245000
1 1 1
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I Very High
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Vulnerability by "physical environment" indicator
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Figure 6. Vulnerability map according to the "Physical environment.
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Figure 7. Proportion of vulnerability level according to the "Physical environment".
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3.3. Land Use/Cover Indicator

Two criteria have been chosen for this indicator, namely humid zones and land use/cover. Table 5 shows the characteristics
of these criteria. According to the experts' judgment, the criterion "Humid zones" is more important, with a weight of 0.63 on 1,

against 0.37 for land use/cover, to explain the vulnerability linked to the "Land use/cover" indicator.

Table 5. Characteristics of the criteria related to the "Land use/cover" indicator, as do their respective scores and weights.

Factors Subclasses Scores Weight
Below 400 m 1
300 - 400 m 2
Humid zones 200 - 300 m 3 0.63
100 - 200 m 4
0-100m 5
Water bodies 1
Vegetation urban 2
Land use/cover Crop land 3 0.37
Bare soil 4
Build areas 5
263000 272000
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1 1 1
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Figure 8. Vulnerability map according to the indicator "Land use/cover”.
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Figure 9. Vulnerability level according to the indicator "Land use/cover".

Figures 8 and 9 show the results from the combination of
humid zones and land use/cover. Analysis of these figures
shows that 74.87% (164,085.3 Ha) of the Dakar region are
moderately vulnerable, 11.14% (24,417.09 Ha) are lowly vul-
nerable and only 1.94% (4254.03 Ha) are very lowly vulnera-
ble. These areas correspond to the communes of Dakar Plateau,
Medina and Gueule Tapée-Fass-Colobane. Moreover 5.76%
(12,632.4 Ha) of Dakar urban environment region are highly
vulnerable and only 6.29% (13,785.39 Ha) are very highly
vulnerable. It should be noted that these areas of heightened
vulnerability, are always located in the departments of Pikine,
Guédiawaye and Keur Massar. The vulnerability of this area
is linked to the presence of water bodies and flood areas, but
also to a strong presence of irregular occupations of urban
space. According to [50], the rate of irregularity of the housing
in the department of Pikine is estimated at 40%.

3.4. Global Vulnerability of Dakar Region

In order to produce the final flood vulnerability map, ex-
perts have also weighted the indicators in turn, in order to clas-
sify them according to their relative importance. The judg-
ments provided by the experts were standardized on a scale of
0 to 1, which enabled their relative weight to be obtained, pre-
sented in Table 6. These weights will be multiplied to their
respective attribute before being added together, using the
weighted sum overlay tool.

Table 6. Weights assigned to indicators of flood vulnerability.

Indicators Weight
Socioeconomic 0,34
Physical environment 0,41
Land use/cover 0,25
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Figures 10 and 11 show the final results of areas vulnerable
to flooding in Dakar urban environment. Their analysis shows
that 77.47% (169,496.37 Ha) of Dakar are moderately vulner-
able and are mainly located in the departments of Dakar and
Rufisque. On the other hand, the areas which are highly and
very highly vulnerable cover respectively 18.18% (39,776.58
Ha) and 3.03% (6628.86 Ha). They correspond to the depart-
ments of Pikine, Guédiawaye and Keur Massar. Overall, all
indicators of vulnerability, have shown the potential flood risk
of these departments. At the same time, we also calculated the
vulnerability index. Reading the results of this index points
out that the physical environment indicator explains mostly
the vulnerability of Dakar region with an index value of 0.61.
In other words, factors related to physical parameters (topog-
raphy, hydrogeology, drainage density, impervious surface,
etc.) play an essential role in the delimitation of areas vulner-
able to flooding. On the other hand, the socioeconomic index
and the land use/cover are relatively low, with respectively
0.12 and 0.11. Figure 13 assesses the proportion of vulnera-
bility at the departmental scale. The analysis of the figure also
shows that Pikine and Guédiawaye are the most vulnerable.
The vulnerability index at the departmental scale confirms this
observation, with vulnerability index higher than 0.70 in the
departments of Pikine, Guédiawaye and Keur Massar, against
0.37 for Dakar and 0.14 for Rufisque (Figure 14). We present
in Table 7 the results of vulnerability at the communal scale.
It shows that the communes located in the departments of
Pikine, Guédiawaye and Keur Massar are the most vulnerable.
The most vulnerable communes are Medina Gounasse
(Guédiawaye) with 95.08%, Guinaw Rail Sud (Pikine) with
82.97%, Djidah-Thiaroye Kaw (Guédiawaye) with 70.44%,
Guinaw Rail Nord with 61.32% (Pikine), Tivaouane Diack
Sao (Pikine) with 46.90% and Yeumbeul Sud (Keur Massar)
with 44.66%. The Communes with high vulnerability concern
Parcelles Assainies, Pikine Ouest, Tharoye Gare, Biscuiterie,
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Dalifort Forail, Pikine Est, Cambéréne, Golf Sud and Sam No-
taire. Each of these localities has a vulnerability rate of about
80%. The results for the vulnerability index at the communal
scale confirm the vulnerability of these municipalities with an
index value between 0.90 and 1. In definitive, the results

linked to indicators and indexs (regional, departmental as
communal scale), corroborate and place the departments of
Pikine, Guédiawaye and Keur Massar as the most vulnerable
in Dakar urban environment.
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Figure 10. Final map of flood vulnerability.
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Figure 11. Global vulnerability at regional scale.
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Figure 13. Vulnerability at departmental scale.
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Figure 14. Vulnerability index at departmental scale.
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Table 7. Vulnerability level at municipalities scale.

Name of departments Name of communes Low Moderate  High Very high Total  Vul. index
Yene 0,13 99,76 0,11 0 100 0,00
Sangalkam 0 97,82 2,18 0 100 0,02
Rufisque Nord 0 33,93 66,07 0 100 0,66
Rufisque Est 0 42,56 5744 0 100 0,57
Rufisque Ouest 0 85,58 14,42 0 100 0,14
Rufisque Tivaouane-Peulh/Niaga 0 90,25 9,75 0 100 0,10
Bambilor 0 100 0 0 100 0,00
Sebikhotane 0 100 0 0 100 0,00
Diamniadio 0 100 0 0 100 0,00
Bargny 0 98,22 1,78 0 100 0,02
Sendou 0 100 0 0 100 0,00
Camberene 0 0 100 0 100 1,00
Parcelles Assainies 0 0,17 99,83 0 100 1,00
Yoff 19,73 66,41 13,86 0 100 0,14
Ngor Ile 0 100 0 0 100 0,00
Ngor 0 92,68 7,32 0 100 0,07
Patte - d'Oie 0 21,78 7822 0 100 0,78
Grand - Yoff 9,37 45,55 45,09 0 100 0,45
Dalifor - Foirail 0 1,25 86,96 11,79 100 0,99
Hann - Bel Air 0 46,92 51,56 1,52 100 0,53
Ouakam 24,64 75,36 0 0 100 0,00
Dakar Mermoz - Sacré -Coeur 20,41 79,59 0 0 100 0,00
HLM 0 34,36 65,64 0 100 0,66
Biscuiterie 0 5,9 94,1 0 100 0,94
Grand-Dakar 0 44,5 55,5 0 100 0,56
Fann - Point E - Amitié 13,81 81,53 4,66 0 100 0,05
Gueule tapée - Fass - Colobane 0 84,16 15,84 0 100 0,16
Médina 0 85,21 1479 0 100 0,15
Dakar - Plateau 6,94 88,59 4,47 0 100 0,04
Gorée 3,77 96,23 0 0 100 0,00
SICAP - Liberté 7,98 90,96 1,06 0 100 0,01
Dieuppeul - Derklé 0 76,5 23,5 0 100 0,24
Wakhinan - Nimzatt 0 21,62 64,15 14,23 100 0,78
Guediawaye
Ndiaréme - Limamoulaye 0 28,74 71,21 0,05 100 0,71
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Name of departments Name of communes

Sam Notaire

Golf Sud

Meédina Gounass

Djidah -Thiaroye Kaw

Mbao

Pikine-Ouest

Pikine Nord

Diameguene - SICAP Mbao
Pikine Thiaroye gare
Pikine - Est
Guinaw rail Nord
Tivaouane - Diak Sao
Guinaw rail Sud
Thiaroye-sur-Mer
Malika
Keur Massar
Keur Massar Yeumbeul - Nord
Yeumbeul - Sud

Jaxaay-P. A-Niacoul RAB

3.5. Accuracy Assessment of Global Flood
Vulnerability Map

In order assess global precision of the final map of areas
vulnerable to flooding we used two Earth Observation Satel-
lite (SPOT) sensor images acquired both in September 2005
and 2009. These images were taken during the flood periods
and allow to see some areas under waters. Based on a visual
interpretation, these flooded areas were extracted and inte-
grated into a geographic information systems (GIS). They are
assimilated as areas highly vulnerable to floods (Figures 15
and 16). The impacts of flooding in these areas are manifold,
including the destruction and conversion of some houses by
rainwater (Figures 17 and 18). Indeed, this data is used to val-
idate the final map. The principle of validation is to compare
areas vulnerable to flooding identified on the Earth Observa-

tion Satellite (SPOT) images with those identified in this study.

The principle of validation is to compare this information and
thus verify the geographical concordance. To facilitate this
analysis, information was binarized, 0 designating others
forms of vulnerability (Very low, Low and Moderate) and 1

Low Moderate  High Very high Total  Vul. index
0 13,38 78,18 8,44 100 0,87
0 20,32 79,68 0 100 0,80
0 0 4,92 95,08 100 1,00
0 0 29,56 70,44 100 1,00
0 51,62 4541 2,97 100 0,48
0 0,03 95,09 4,88 100 1,00
0 0 76,21 23,79 100 1,00
0 0,22 74,48 253 100 1,00
0 0 93,61 6,39 100 1,00
0 0 83,98 16,02 100 1,00
0 0 38,68 61,32 100 1,00
0 0 53,1 46,9 100 1,00
0 0 17,03 82,97 100 1,00
0 1,52 63,12 3536 100 0,98
0 25,31 63,94 10,76 100 0,75
0 6,24 84,48 9,28 100 0,94
0 14,28 53,82 31,89 100 0,86
0 0 55,34 44,66 100 1,00
0 100 0 0 100 0,00
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vulnerable (High, Very high). Using the Create Random
Points data management tool we randomly generated 100
points on the reference data which are the vulnerable areas in
2005 and 2009, thus coded 1 and 50 points on the areas con-
sidered here as other forms of vulnerability, coded 0. The Ex-
tract Values to Points spatial analysis tool is used to extract
the values on the binary data for each year. We used the SPSS
statistical processing software to process the extracted infor-
mation on the images in order to produce a performance ma-
trix and to calculate the global precision of the spatial vulner-
ability correspondences in 2005 and 2009. The overall preci-
sion is calculated based on equation (11). The results pre-
sented in Tables 8 and 9 show an excellent accuracy between
the results produced in this study and the reference data, i.e.
0.95 in 2005 and 0.90 in 2009.

P=13R(0)
n g

(11)

P = Average pixels correctly classified; Pn(i) = the number
of pixels of class i effectively assigned to it after comparison.
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Table 8. Performance matrix for vulnerability to flooding in Dakar region. The reference data for 2005 are used to validate the result of the
vulnerability map obtained in this study.

Reference data in 2005
Vulnerable No vulnerable Total Row Ind. Accuracy Global accuracy
Vulnerable 92 3 95 0,97
Model No vulnerable 8 97 105 0,92 0,95
Total Col. 100 100 200

Table 9. Performance matrix for vulnerability to flooding in Dakar region. The reference data for 2009 are used to validate the result of the
vulnerability map obtained in this study.

Reference data in 2009
Vulnerable No vulnerable Total Row Ind. accuracy Global accuracy
Vulnerable 89 9 98 0,91
Model No vulnerable 11 91 102 0,89 0,90
Total Col. 100 100 200

It emerges from this study that the departments of Pikine, Guédiawaye and Keur Massar are indeed the most vulnerable areas
of Dakar. A challenge has therefore been launched to the authorities for the fight against the floods in these priority areas.
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Figure 15. Correspondence map between vulnerable areas and flooded areas in 2005.
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Figure 16. Correspondence map between vulnerable areas and flooded areas in 2009.

Figure 17. Overview of buildings erected within the limits of Lake Youi, today under the waters. The image on the left is taken from an aerial
photo taken on April 4, 1942 by USGS and the one on the right is from a Pleiades source acquired in 2014.
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Figure 18. Overview of buildings in 2003 (left image), converted to water bodies in 2014 (middle image) and converted into stormwater
retention basins actually in 2026 (right image). The source of these images is QuickBird 2003, Pleiades 2014 and Airbus 2026.

4. Discussion

In Senegal, Dakar is one of the most region or city who is
particularly vulnerable to flood, due to, its physical environ-
ment complexity and the heterogeneity of its socio-economic
component. Several studies have been devoted to the study of
vulnerability at local scales. And most of them rely on field sur-
veys, to give an idea of the most vulnerable areas or to measure
the impact of flood damage. However, a sectorial management
of the latter cannot lead to a rational and sustainable solution.
According to [20], the best way to achieve this, would be to
consider a process of vulnerability assessment on a large scale
and not on a sectorial basis. This assessing of areas vulnerable
to flooding disasters is one of the parameters in creating a flood-
risk map for disaster mitigation and urban planning. Flood risk
is the combination of the probability of a flood event and of the
potential adverse consequences for human health, the environ-
ment, cultural heritage and economic activity associated with a
flood event [77]. Key component of flood risk assessments is
commonly divided into flood-risk assessment, flood-risk miti-
gation [78] and the accurate estimation of the potential impact
on human activities [79]. Indeed, according to [7], risk assess-
ments involve by definition to consider their vulnerability. Nev-
ertheless, vulnerability is related to the capacity to reduce the
impact of disaster and mitigation plan. It describes the potential
area to be damaged by natural disasters [80]. In the region of
Dakar, the solutions proposed by authorities haven’t produced
the expected results, whereas billions are invested each year in
this sector. In this study, areas vulnerable to flooding in Dakar
urban environment is address according approaches integrated
Remote Sensing, geographic information systems (GIS), maps
data and spatial multi-criteria analysis through the Weighted
Linear Combination (WLC) approach. The environmental at-
tributes used for assessment areas vulnerable to flooding in-
clude Rainfall, Elevation, Slope, Groundwater level, Soil types,
Impervious surfaces, Population density, Land use/cover Type
and structure of habitat, Humid zones, Drainage density and
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Standard of living. The criteria were grouped into three indica-
tors of vulnerability, "socioeconomic", "physical environment"
and "land use / cover", to determine the influence of each indi-
cator on areas vulnerable to flooding. These indicators will be
aggregated at the end to know the overall vulnerability. The
quantitative relationship between flood vulnerability and fac-
tors affecting flood are established by the data driven WLC ap-
proach. Criteria was scored and weighted by experts. Each cri-
terion is scored according a scale of five classes (1 represents
the least important factor and 5 is the most important). The
weights assigned to the criteria come from the opinion of local
experts. For "Socioeconomic" indicator, structure and type of
habitat is the parameter that has the highest weight (0.41), fol-
lowed by population density (0.35) and Standard of living
(0.24). Afterwards, concerning "physical environment”, Eleva-
tion have the highest weight (0.18), followed by slope (0.17),
impervious surface (0.15), groundwater level (0.14), drainage
density (0.13), soils map (0.12) and rainfall (0.11). According
"land use/cover" indicator, humid zones factor is the parameter
that has the highest weight (0.63), followed by build density
(0.37). Finally, in order to assess global vulnerability, weights
are assigned to different indicators to determine their relative
importance before the final aggregation. "Physical environ-
ment" indicator has the highest weight (0.41), followed by "So-
cioeconomic" indicator (0.34) and "Land use" indicator (0.25).
The weights were multiplied by 100 to make an integer. Indeed,
by applying and integrating the criteria weights using ArcGIS
software, a continuous scale of numerical indices (vulnerability
index) is obtained with which the study area is divided into four
or five classes of flood vulnerability. The assessment results in-
dicate that about 60% of Dakar region is vulnerable to floods
according "Physical environment" indicator, against, 12% and
10% respectively for "Socioeconomic" and "Land use/cover in-
dicators. Indeed, the relation between all indicators shows that
about 50% of region is vulnerable. This mainly concerns Pikine,
Guédiawaye and Keur Massar departments with more than 70%
of vulnerable areas. Also, vulnerability index at municipal and
departmental scale, are higher (greater than 0.8) than those cal-
culated in Dakar (0.37) and Rufisque (0.14) departments. The
validation results for final flood vulnerability map, based on
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2005 and 2009 flooding geographic information systems (GIS)
data, show an overall accuracy of 0.95 and 0.90 respectively
between these dates. However, the realization of this study is
not without difficulties. Overall, as in any multicriteria model-
ing study, it remains mainly faced with problems related to the
availability, quality and updating of data. This work could have
been compared with other research carried out on a regional
scale. Indeed, on the basis of this scale of study, the chosen
problem, the approach used, and the validation protocol imple-
mented, it can be said that such a study, of this scale is a first in
Senegal, Dakar in particular. The choice of spatial multicriteria
analysis is explained by the fact that it is best suited to respond
to a multicriteria problem. According to [81], 80% of the deci-
sion-making problems facing us face a spatial connotation.
Therefore, environmental management is a promising sector for
multicriteria methods. For future studies, it is recommended to
integrate more vulnerability criteria and consider vulnerability
scenarios over the next 50 years.

5. Conclusions

This study aims to assess areas vulnerable to flooding in
Dakar region using remote sensing, geographic information
systems (GIS) and map data and multi-criteria analysis tech-
nics through the Weighted Linear Combination (WLC). In this
study twelve criteria of vulnerability, namely rainfall, eleva-
tion, elope, groundwater level, soil types, impervious surfaces,
population density, land use/cover type and structure of habi-
tat, humid zones, drainage density and standard of living, were
considered. These parameters were grouped into three indica-
tors of vulnerability: “socioeconomic”, “physical environ-
ment” and “land use”. For each vulnerability indicators groups,
the criteria are scored and weighted, as well as the indicators
among themselves. These information values obtained will be
combined together to produce the output map representing the
spatial distribution of the areas vulnerable to flood. Further,
the map was reclassified based on the vulnerability index val-
ues into 4 or 5 categories showing different flood vulnerability
classes. The results obtained allowed to do a hierarchy of vul-
nerability across the region. The departments of Pikine,
Guédiawaye and Keur Massar stand out as the most vulnera-
ble areas according the three indicators. The final map result-
ing from the aggregation of the three indicators, confirms
these results. The vulnerability index calculated at the depart-
mental scale show that the department of Pikine is most vul-
nerable with a vulnerability index of 0.95. It is followed by the
department of Guédiawaye with 0.83 and Keur Massar with
0.71. On the other hand, departments of Dakar and Rufisque
have a low index respectively 0.37 and 0.14. At the communal
scale, the departments of Pikine, Guédiawaye, and Keur Mas-
sar contain the most vulnerable communes, with vulnerability
indices ranging from 0.90 to 1. These include the communes
of Djidah Thiaroye Kao and Pikine-Est in the department of
Pikine; Médina Gounass, Cambéréne, and Sam Notaire in the

119

department of Guédiawaye; and Yeumbeul Sud in the depart-
ment of Keur Massar. The lowest indexes concern the com-
munes of Dakar and Rufisque departments with indices below
0.4. In order to verify the relevance of the final decision map
obtained, its validation is made by comparing a database on
floods of 2005 and 2009 and areas with high and very high
vulnerability. The global accuracy is 0.95 in 2005 and 0.90 in
2009. This shows a perfect concordance between our results
and the reality of the terrain. The results obtained in this study
show that determining areas vulnerable to flooding as one el-
ement of flood hazard maps related to disaster management
for urban development is necessary and relevant. They will
serve as decision-making tools to strengthen the capacity of
policy makers in the good governance of the territory by an-
ticipating the priority areas targeted by the map.
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