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watershed, approximately 11.36% of the Djibi watershed, and
approximately 3.81% of the Bété watershed.
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Introduction:-

Natural disasters have always existed and are a common and recurring phenomenon in human history (Antoine et
al., 2008). The risks of flooding have been recognized as a major threat due to the extent and scale of the damage
they cause each year worldwide (Leulmi, 2025). They accounted for 34% of disasters recorded globally between
1990 and 2007. Indeed, cities are increasingly the places where natural disasters occur (Grimm et al., 2008; Joerin&
Shaw, 2010; Wamsler, 2014), affecting more than 2 billion people over the past twenty decades (Ekmekcioglu et al.,
2022; UNISDR, 2015; World Health Organization, 2017). Their impacts can be devastating, resulting in direct
annual economic losses of tens of billions of dollars (Fu et al., 2020; Guindo et al., 2020). Flood risk is therefore
characterized by a combination of hazard and vulnerability. Since these components are subject to strong spatio-
temporal variability, their combination is all the more complex, potentially leading to a multitude of actions.
Furthermore, urban flooding constitutes a major obstacle to development and endangers populations, particularly
inhabitants of rapidly expanding cities in developing countries (A. Bhas et al., 2012).
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Catastrophic urban flooding results from several combined and interconnected factors, including intense rainfall,
rising river levels, and inadequate drainage systems. These factors contributing to the spread of these hazards are
amplified by uncontrolled global climate change and urbanization (IPCC, 2014; Hallegatte et al., 2013). Ocha,
(2012) states that a Dozen West African countries are suffering from severe flooding which has caused more than
159 deaths and affected nearly 600,000 people in towns and cities that are inadequately equipped to deal with
extreme rainfall events. In Cote d'Ivoire, urban flooding is among the most significant natural hazards. For years,
Ivorian coastal cities have frequently experienced flooding. Despite having a substantial stormwater drainage
network, Abidjan, with its 6,321,017 inhabitants (Koffi, 2021), is not immune to this phenomenon. Indeed, as a
modern city, the economic capital of Cote d'Ivoire is subject to flooding every rainy season, causing grief to many
families and enormous material damage.

Faced with the recurring floods in the Abidjan district, and considering the inconvenience and damage they cause,
several researchers (Hauhouot, 2008 and Alla, 2013) have examined flood risks in urbanized areas, specifically in
the impoverished neighborhoods of the Abidjan district. This phenomenon has generated considerable interest. In a
broader context, it appears necessary to analyze the vulnerability of areas undergoing urbanization to flood risks,
similar to the frequent flooding in the district's urbanized areas, in order to implement prevention strategies for better
protection of the population and their property. It is within this context that the present study was titled " Mapping of
Flood Risk Areas in the Watersheds of Rue Ministre, Djibi, and Bété Rivers Using Remote Sensing and GIS." The
overall objective of this study is to map flood risks using a combined approach of Remote Sensing and Geographic
Information Systems (GIS) to identify flood-prone areas in these watersheds.

Materials and Methodology:-

Material:-

Geographical location of the study area:-

The Rue Ministrewatershed is located northeast of the city of Abidjan (the economic capital of Cote d'Tvoire). This
watershed covers an area of 30 km*Tt lies entirely within the municipality of Cocody and is situated between 5°10'
and 5°30' North latitude and 3°50' and 4°10" West longitude. The Aghien Lagoon watershed is a peri-urban basin
straddling three municipalities within the same district. It is urbanized, encompassing the most populated
neighborhoods of the municipality of Abobo. Its area is 365 km?. It notably includes two basins drained by the Djibi
and Bété rivers, tributaries of the Aghien Lagoon. The Bété basin covers an area of 267 km? and the Djibi basin
covers 78 km? (Koffi, 2021). The geological basement is composed of two units: the sedimentary basin in the south
and the crystalline and crystalline basement in the northern part of the Djibi and Bété regions (Jourda, 1987).

The Rue Ministrewatershed has a simple geology: Quaternary sands and muds, clayey sands with some layers of
variegated clays from the Continental Terminal, and Cretaceous sandy limestones (Tastet and Guiral, 1994).
However, the Rue Ministrewatershed exhibits three soil types: Xanthic Ferralsols, which occupy the largest part of
the area, and Gleysols in the east. dystric and a small part of the south dotted with ferraliticarenosols. Furthermore,
the Djibi watershed is situated in a Gleysol -type soil. dystric soils to the west and xanthic ferralsols to the east,
however, the Bété catchment area is covered by Acrisols in the northwest, interspersed with Orthic Acrisols and
Xanthic Ferralsols, these soils also occupy most of the center of this area and a small part to the east of the basin is
occupied by gley (Tastet, 1979).
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Figure 1: Geographical location of the study area
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The elevation maps of the watersheds of the Rue Ministre (Figure 2A), the Djibi (Figure 2B), and the Bété (Figure
2C) reveal five distinct classes. The first class, the very low elevation class, is represented in blue and corresponds to
elevations of 41.41 m, 38.97 m, and 38.94 m or less in the Rue Ministre, Djibi, and Bété watersheds, respectively.
The second class, the low elevation zone, is shown in light green and corresponds to elevations between 41.41 m
and 59.81 m in the Rue Ministre watershed and between 38.97 m and 63.23 m in the Djibi and Bété watersheds. The
third class corresponds to areas of medium altitude, represented by the color light yellow. This class encompasses a
wide range of altitudes, from 59.81 m to 78.21 m in the Rue Ministre watershed and from 63.23 m to 87.48 m in the
Djibi and Bété watershed. The fourth class corresponds to areas of high altitude, characterized in the Rue Ministre
watershed by altitudes between 78.21 m and 96.60 m, which are lower than the altitudes in the Djibi and Bété
watershed, ranging from 87.48 m to 111.74 m. This class is represented in orange. Finally, the fifth class represents
areas of very high altitude, with values exceeding 96.60 m in the Rue Ministre watershed and exceeding 111.74 m in
the Djibi and Bété watershed. This class is represented in red. The values of the fourth and fifth classes indicate that
the flow in this area is high, and those observed from the first to the third classes highlight the presence of a weak
flow.
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Figure 2: Relief map of the catchment areas of Rue Ministre(A), Djibi(B) and Bété(C)

Table 1: Elevation classes of the catchments

Evaluation class ~ Rue Ministre (m)  Djibi (m) Bété (m) Hydrological interpretation

Very low <4141 <3897 <38.94 Low  flow ~ velocity, ~water
accumulation

Low 41.41 —59.81 38.97 — 63.23 38.94 — 63.23 Potentially flood-prone areas

Medium 59.81 - 78.21 63238748 6323874y | ransitional hydrological
conditions

High 78.21 — 96.60 87.48 —111.74  87.48 —111.74  Significant surface runoff

Very high > 96.60 >111.74 >111.74 Very rapid runoff

The elevation classes reveal marked topographic contrasts between the three catchments. The very low and low
elevation classes (< 41.41 m for Rue Ministre, < 38.97 m for Djibi and < 38.94 m for Bété) correspond to areas
where flow velocity is reduced and water accumulation is favoured. These low-lying zones are therefore naturally
predisposed to flooding.

In contrast, the high and very high elevation classes (> 96.60 m for Rue Ministre and > 111.74 m for Djibi and Bété)
are characterised by rapid surface runoff, which limits water stagnation. The greater extent of low-altitude areas
within the Rue Ministre and Djibi catchments partly explains their higher flood susceptibility compared to the Bété
catchment.
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Data:-

Method:-

Flood vulnerability mapping:-

The flood sensitivity map is produced from the combination of two indices: the topographic moisture index or
Topographic Wetness Index (TWI) and Stream Power Index (SPI) derived from the slope map and specific
catchment area. Characterization of the topographic wetness index (TWI) and stream power index (SPI) and creation
of the flood sensitivity (or hazard) map.

Establishing the sensitivity map:-
The TWI is the topographic moisture index introduced by Beven and Kirkby (1979). It is defined as an index used to
quantify the effects of topography on hydrological processes (Lee et al., 2017). Indeed, it is used to assess soil
moisture (Hojati and Mokarram, 2016) and to locate areas of temporary (Nibigira, 2019) or long-term (Kopecky and
Cizkova, 2010) water accumulation in a landscape.

TWI = In(As * tan )
The SPI, for its part, is an index that estimates the susceptibility of rivers to erosion (Bizzi and Lerner, 2015) and
characterizes the intensity of surface runoff (Khosraviet al., 2019).
The basic formulas for their determination are defined as follows (Moore et al., 1991):

SPI = As x tan

With: As : represents the specific catchment area or surface unit where the experiments are conducted (Specific
Catchment Area or SCA) (Ali et al., 2014); B is the local slope angle.
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Figure 3: Methodology for calculating TWI and SPI

Standardization of flood factors:-

This standardization involves classifying flooding factors such as the Topographic Wetness Index (TWI) and the
Surface Flow Index (SPI). Exported as raster maps from SAGA software, the TWI and SPI maps are then imported
into ArcGIS for combination. First, a quantile reclassification was performed using the following geoprocessing
tools: Spatial Analyst Tools - > Reclassification -> Reclassification. This classification is the most widely used
method for constructing sensitivity maps (Khosravi et al., 2019). The values obtained for each index are distributed
into four intervals from class 1 to class 4 as a common scale for each factor.

Parameter weighting:-

The weighting involves assigning each parameter an influence factor out of a total of 100. Furthermore, a higher
influence factor is assigned to the TWI because it is more representative of potentially floodable areas than the SPI.
As shown in the table below, the lowest SPI classes correspond to the highest TWI classes (Ramiaramanana, 2020).
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Table 1: Classification and weighting of TWI and SPI parameters

Settings Classification Influencing factor Scale factor
12-14 4
9-12 3
TWI

W 6-9 7 2
4-6 1
0-1.6 4
1.6-3.2 3

SPI 25
3.2-4.8 2
4.8-6.4 1

Combinations of flooding factors:-

The combination of flooding factors is necessary to establish the flood sensitivity map (Tehranyet al., 2015). This is
the combination of the Topographic The Wetness Index (TWI) and the Stream Power Index (SPI) are calculated
using the Weighted Overlay module of ArcToolbox . In practice, this is done by successively using the
geoprocessing tools : Spatial Analyst Tools -> Overlay -> Weighted Overlay. This overlay, according to the ESRI
platform (2020), involves reclassifying the obtained values according to a common measurement scale (1 to 4) and
weighting them according to the influence factor (out of a total of 100) of each raster.

2 — g o
1 1

InRasl InRas2 QOutRas
{Influence 75%) {Influence 25%)

Figure 4: Illustration of the application of weighted overlay on the ESRI platform (2020).

Flood sensitivity map:-

The flood sensitivity map is the result of combining two indices from the DEM: the Topographic Wetness Index
(TWI) and the Surface Flow Index (SPI). The resulting values are classified into four categories according to their
sensitivity level. After weighting, these values are then summed to produce an output raster, which in this case is the
flood sensitivity map.
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Figure 5: Calculation procedure in the Model Builder application of ArcMap .

Results:-
The flood zone map is derived from the flood sensitivity map. Furthermore, the average level of flood sensitivity
will be set as a threshold. Values above this threshold will then represent flood zones.

Topographic moisture index (TWI) map of the Rue Ministre, Djibi and Bété watersheds:-

Figure 6(A) shows the topographic moisture index map of the Rue Ministre watershed with index values ranging
from 8.78 to 19.4; Figure 6(B) shows the topographic moisture index map of the Djibi watershed with index values
ranging from 8.15 to 19.2; and Figure 6(C) shows the topographic moisture index map of the Bété watershed with
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index values ranging from -12.60 to -0.47. The Rue Ministre, Djibi, and Bété watersheds, with index values below
19.4, 19.2, and -0.47 respectively, have the lowest topographic moisture indices in the study area. Conversely, the
highest TWI values are shown in dark blue, with indices greater than or equal to 19.40 for the Rue Ministre
watershed, 19.20 for the Djibi watershed, and -0.47 for the Bété watershed. These indices follow the watershed's
course from the outlet through the hills, with a high concentration of steep slopes. It is observed that lower TWI
values indicate steeper slopes. Conversely, high TWI values indicate areas with gentle slopes.
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Figure 6: Map of the topographic moisture index (TWI) of the Rue Ministre(A), Djibi (B) and Bété (C)

watersheds.
Table 2: Topographic moisture index (TWI)
Catchment Minimum value Maximum value High TWI classes
Rue Ministre 8.78 19.40 >19.40
Djibi 8.15 19.20 >19.20
Bété -12.60 -0.47 >-0.47

The TWI values indicate that areas located close to the hydrographic network exhibit the highest moisture levels.
Maximum TWI values reach 19.40 in the Rue Ministre catchment, 19.20 in the Djibi catchment and 0.47 in the Bété

catchment. These high values reflect zones with elevated soil moisture, high water storage capacity and frequent
surface saturation.

The similarity of maximum TWI values in the Rue Ministre and Djibi catchments suggests comparable hydrological
behaviour driven by intense urbanisation and extensive soil sealing, which significantly reduce infiltration capacity.
Conversely, the lower TWI values observed in the Bété catchment indicate more favourable infiltration conditions,
likely associated with lower urban density and the presence of vegetation cover (Table 2).

Flow power index (SPI) map of the Rue Ministre, Djibi and Bété watersheds:-

Figure 7(A) shows the flow power index map of the Rue Ministre catchment with index values ranging from -6.91
m to 2.62 m; Figure 7(B) shows the flow power index map of the Djibi catchment with index values ranging from -
6.91 m to 2.81 m; and Figure 7(C) shows the flow power index map of the Bété catchment with index values
ranging from -6.89 m to 2.44 m. The catchment index values between -6.91 m and 0.38 m represent the lowest flow
power indices in the study area. The highest SPI values are shown in dark blue: 2.26 m for the Rue Ministre
catchment, 2.86 m for the Djibi catchment, and 2.44 m for the Bété catchment. These values follow the course of the
catchment, from the outlet through the hills, with a high concentration of steep slopes. As a result, lower SPI values
indicate steeper slopes. Conversely, high SPI values indicate areas with gentle slopes.
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Figure 7: Flow power index (SPI) map of the catchments of the rue Ministre (A), the Djibi (B) and the Bété

(©).
Table 3: Stream Power Index (SPI) values
Catchment Minimum value =~ Maximum value = High SPI values
Rue Ministre -6.91 2.62 >2.26
Djibi -6.91 2.81 >2.86
Bété -6.89 2.44 >2.44

The SPI values show a strong relationship with slope conditions. Maximum SPI values of 2.62 in the Rue Ministre
catchment, 2.81 in the Djibi catchment and 2.44 in the Bété catchment

indicate that areas with gentle slopes tend to concentrate surface runoff while exhibiting reduced flow velocity.

Low SPI values are associated with steeper slopes, where runoff is more efficient and water accumulation is limited.
The higher SPI maxima observed in the Rue Ministre and Djibi catchments therefore contribute to their greater
susceptibility to flooding compared to the Bété catchment (Table 3).

Flood vulnerability map of the watersheds of Rue Ministre, Djibi and Bété:-

The flood sensitivity maps of the Rue Ministre(Figure 8A), Djibi (Figure 8B), and Bété (Figure 8C) watersheds are
derived from the combination, within the Geographic Information System (GIS), of the following indices: the
Topographic Wetness Index (TWI) and the Flow Power Index (SPI). They are illustrated in Figure 8 and highlight 5
zones.

The zone of very low flood sensitivity: this represents 15.21% of the total catchment area of Rue Ministre, 12.82%
of the Djibi catchment, and 7.82% of the Bété catchment. These areas are considered to have very low flood
sensitivity. They are characterized by a steep slope with very high runoff. The zone of low flood sensitivity: this
occupies 43.86% of the catchment area of Rue Ministre, 60.76% of the Djibi catchment, and 20.72% of the Bété
catchment. In these areas, the slope and flow are relatively steep with high runoff. The zone of medium sensitivity:
this occupies 28.91% of the catchment area of Rue Ministre, 34.11% of the Djibi catchment, and a smaller
proportion of 12.10% of the Bété catchment. These areas are characterized by a relatively gentle slope, distributed
evenly across the study area. The high sensitivity zone comprises 9.32% of the Rue Ministre watershed, 9.94% of
the Djibi watershed, and a smaller proportion (3.18%) of the Bété watershed. In these areas, the slope is gentle with
low runoff and a high degree of impermeability. The very high sensitivity zone comprises 2.7% of the Rue Ministre
watershed, 1.42% of the Djibi watershed, and a relatively small proportion (0.64%) of the Bété watershed. These
areas are characterized by a very gentle (almost zero) slope with very low runoff (no flow). These zones correspond
to the locations of water points and follow the hydrographic network.
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Figure 8: Flood sensitivity map of the catchment areas of the Rue Ministre(A), the Djibi (B) and the Bété (C).

Table 4: Distribution of flood susceptibility classes

Flood susceptibility class Rue Ministre (%) Djibi (%) Bété (%)
Very low 15.21 12.82 7.82
Low 43.86 60.76 20.72
Moderate 28.91 34.11 12.10
High 9.32 9.94 3.18

The distribution of flood susceptibility classes highlights a clear spatial differentiation among the three catchments.
Areas classified as having high and very high flood susceptibility represent 12.02% of the Rue Ministre catchment
and 11.36% of the Djibi catchment, whereas they account for only 3.82% of the Bété catchment.

These highly susceptible zones are mainly associated with gentle slopes, high TWI values and moderate to high SPI
values, and are generally located along the hydrographic network. Their limited extent in the Bété catchment
confirms its comparatively lower vulnerability to flooding (Table 4).

Maps of flood zones in the catchment areas of Rue Ministre, Djibi and Bété:-

The flood zones identified from the sensitivity maps of the three watersheds are shown in Figure 9. The results
illustrated in Figure 9 indicate that the areas above the established average threshold, i.e., those with "high" and
"very high" sensitivity, constitute the flood zones. These flood risk zones cover slightly more than 12.02% of the
Rue Ministre watershed (Figure 9A) across all three watersheds. Non-flood zones occupy 87.98% of the total
watershed area. While the Djibi watershed (Figure 9B) has a flood risk of approximately 11.36% and non-floodable
areas cover 88.64% of the total area, the Bété watershed (Figure 9C) has a very low flood risk compared to the other
two watersheds, with only about 3.81% of its area flooded. Analysis shows that the Rue Ministre watershed is more
vulnerable to flooding (12.02% of the watershed) than the Djibi (11.36%) and Bété (3.81%) watersheds.
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Figure 9: Map of flood zones in the catchment areas of Rue Ministre (A), Djibi (B) and Bété (C).
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Table 5: Distribution of flood-prone and non-flood-prone areas

Catchment Flood-prone areas (%) Non-flood-prone areas (%)
Rue Ministre 12.02 87.98
Djibi 11.36 88.64
Bété 3.81 96.19

The final flood zoning indicates that flood-prone areas occupy approximately 12.02% of the Rue Ministre
catchment, 11.36% of the Djibi catchment and only 3.81% of the Bété catchment. This result clearly demonstrates
that the Rue Ministre catchment is the most exposed to flooding, followed closely by the Djibi catchment.

The much lower proportion of flood-prone areas in the Bété catchment can be attributed to its lower degree of
urbanisation, better vegetation cover and more favourable infiltration conditions, which collectively reduce surface
runoff and flood occurrence (Table5).

Discussion:-

The overall objective of this study was to map, using a combined approach of Remote Sensing and Geographic
Information Systems (GIS), the flood zones of the catchment areas of Rue Ministre, Djibi and Bété. According to
the results obtained, the thematic maps of the Topographic Wetness Index (TWI) indicate that areas near the
hydrographic network have a high TWI, ranging from 16.8 to 19.40 for the Rue Ministre watershed, from 16.5 to
19.20 for the Djibi, and from -3.51 to -0.47 for the Bété. These areas with a high TWI correspond to areas where the
humidity level, water storage capacity, and surface saturation are extremely high. They are described as the areas
most susceptible to flooding. These results are similar to those of Ramiaramanana (2020), who showed that a high
TWI is characteristic of areas with a gentle slope and a high-water storage capacity. The high values of the
topographic moisture index (TWI) could result from a long process of sealing the watersheds of Rue Ministre and
the Djibi River. These watersheds are heavily urbanized. This urbanization exacerbates the slowing of infiltration, as
buildings and asphalt paving promote the accumulation and almost complete runoff of rainwater (Traoré¢, 2016;
Gogbé et al., 2016; Kinakpefan, 2023). However, the low TWI values in the Bété watershed indicate low or
moderate urbanization, with the presence of vegetation cover being a predominant and essential element promoting
infiltration.

However, the flow power index (SPI) map shows that SPI values correlate with slope. For areas with steep slopes,
the flow power index values are also high: 2.62 for the Rue Ministre watershed, 2.81 for the Djibi, and 2.44 for the
Bété. Thus, areas with low SPI exhibit low runoff. This observation is also supported by Ramiaramanana (2020),
who found that areas with almost no slope have low SPI, or even no runoff. For flood-prone areas, it appears that
they cover approximately 12.02% of the Rue Ministre watershed, 11.36% of the Djibi watershed, and about 4% of
the Bété watershed. Thus, the Rue Ministre watershed is more vulnerable to flooding, with a larger proportion
(12.02%) of the watershed affected than the Djibi (11.36%) and Bété (3.81%) watersheds. This same phenomenon
has also been observed in West Africa, particularly in Dakar (Senegal) and Ouagadougou (Burkina Faso), where
human settlements were severely affected by flooding in 2009 (Di Baldassarre et al., 2010). According to these
authors, the recent floods in Africa are primarily linked to rapid urbanization. Indeed, they emphasize that this
increased vulnerability of human settlements can be attributed to a number of socioeconomic factors: rapid
population growth, precarious infrastructure, and widespread poverty. In some regions of Africa, this vulnerability is
exacerbated by uncontrolled urbanization, which leads to populations being increasingly exposed to the risk of
flooding (Hardoy et al., 2001; Douglas et al., 2008). Floods are due both to the occupation of flood-prone areas by
populations and to a disruption of river and rainfall regimes, caused by climate variability.

Conclusion:-

The objective of this study was to identify, through the combined use of remote sensing and Geographic Information
Systems (GIS), flood zones in the Rue Ministre, Djibi, and Bété watersheds. The methodology employed enabled
the creation of flood zone maps based on indices derived from slope maps. This index is the Topographic Humidity
Index (THI). The Wetness Index (TWI), which quantifies the effects of topography on hydrological processes, and
the Stream Power Index (SPI), derived from slope maps and specific watersheds within a GIS, are used to analyze
these data. Sensitivity maps developed from the TWI and SPI have highlighted areas of high flood sensitivity within
the three watersheds, characterized by very gentle slopes. This zone encompasses areas surrounding the
hydrographic network, covering approximately 12.02% of the Rue Ministre watershed, approximately 11.36% of the
Djibi watershed, and approximately 3.81% of the Bété watershed.
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