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In a context of global warming characterized by a mean sea level rise and
extreme meteorological events, the study of the causes for coastal flooding is
essential to protect communities and ecosystems. Densely urbanized, and
rather unprotected cities in developing countries such as the historic Saint
Louis city in Senegal are particularly vulnerable to coastal flooding and sea
hazards. From satellite-derived high resolution DEM and global ocean
reanalyses, here we quantify the extreme coastal water level in order to
identify the neighborhoods and places of particular socio-economical
interest of Saint-Louis potentially vulnerable to flooding. The results reveal
that the most severe levels have the potential to flood up to almost half of this
low-lying river mouth plain. Social, economic and heritage stakes are exposed,
and the artisanal fisherman district of Gueth Ndar, is particularly vulnerable to
coastal flooding because of its low elevation and situation on the sand barrier.
The co-occurrence of high tides and wave-induced runup contributes most to
ECWL but they do not present a significant trend over the study period. The
results show that over the period 1994-2015, potential flood risk increased by
nearly one day per year, primarily due to sea level rise, sounding a warning
signal to take countermeasures to protect communities and infrastructure.
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coastal flooding, extreme coastal water level, satellite-derived DEM, heritages issues,
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Introduction

In a global context marked by global warming leading to an
increasing rise in sea level, coastal areas are increasingly
threatened by the risks of erosion and coastal flooding
(Woodruft and Stults, 2016; Kulp and Strauss, 2019; Almar
et al,, 2021; Kirezci et al,, 2020). Coastal areas are among the
most vulnerable ecosystems and will be gradually exposed to the
effects of climate change over the course of the century (IPCC
report, Oppenheimer et al., 2019). According to recent studies,
for instance in Almar et al. (2021), the IPCC RCP8.5 scenario
would give 50x increase in coastal overtopping by 2100, worldwide.
These hazards occur when strong winds and low atmospheric
pressure act on the sea surface to cause a temporary rise in sea level
(Wells, 2011; Prime et al,, 2016), becoming a real environmental
concern for anthropized coastlines (e.g. Le Roy et al., 2015). Knowing
that more than 600 million people reside in the low elevation coastal
zone (<10 m, Ganguli and Merz, 2020), that the coastal activities
expose the population to floods and storms (Dupuis, 2016) and that
3/4 of the world’s largest cities are located on those vulnerable areas
(Melet etal., 2018), the combination of current massive urban growth
and climate change impacts exposes coastal cities to increased and
unprecedented coastal risks and environmental issues (Cain et al.,
2015; Bongarts Lebbe et al., 2021). Whether riverine or coastal,
flooding is one of the most devastating coastal hazards in the world,
causing numerous deaths and significant socio-economic
consequences each year (Kupfer et al, 2022). According to
Vousdoukas et al. (2016), coastal flooding will increase in the
context of future storm variability and sea level rise. Nowadays,
flooding represent one of the most important issues facing coastal
communities (Woodruff et al., 2013).

On the Atlantic coast of Central and West Africa, coastal
flooding is one of the greatest threats to the socio-economic and
environmental balances of countries south of the Sahara
(Tchindjang et al,, 2019; Alves et al, 2020; Dada et al., 2021;
Vousdoukas et al., 2022). Most West African major cities are
exposed to flooding there, and current forecasts show that sub-
Saharan Africa and the low elevation, flat deltaic and island coastal
regions are among the most affected areas by climate change
(Gemenne et al.,, 2017; Giardino et al., 2018). Extreme Coastal
Water Level (ECWL) at the coast results from the combination of
several different coastal processes (Eq. 1); the regional sea level
anomaly (here referred to as SLA) due to the steric effect, ocean
circulation and transfer of mass from the continents (ice sheets,
glaciers, land water) to the ocean, storm surge or “Dynamic
Atmospheric Correction” (DAC) due to atmospheric pressure
and winds, astronomical tide (T) and wave effects here referred to
as runup (R) which includes a time-averaged component (setup)
and an oscillatory component (swash) (see Melet et al., 2018; Dodet
et al,, 2019; Almar et al., 2021).

The West Africa coast is generally considered a storm-free
environment, dominated by North Atlantic distant swells (Sadio,
2017; Almar et al., 2019; Ndour et al., 2020). The evolution of the
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sandy coast is controlled by strong longshore sediment drift
resulting from oblique waves (Laibi et al., 2014; Almar et al,
2015; Giardino et al., 2018; Almar et al.,, 2019; Anthony et al.,
2019). Tidal amplitude is typically micro to meso at open
stretches of coasts, with the highest amplitudes recorded in
deltas and estuaries of Guinea, Guinea-Bissau and Sierra
Leone (2.8 - 4.7 m; Diop et al., 2014). Senegalese urban coastal
areas, which are low elevated and made of loose or low-strength
materials (Weissenberger et al., 2016; Ndour et al., 2018; Ndour
et al., 2020) often lying on barrier and at delta, are particularly
exposed to marine flooding, which has severe consequences on
coastal development (Quiroga et al., 2021). Located at the mouth
of the Senegal River, Saint-Louis has a mixed environmental
problem with respect to flooding, affected by both coastal
flooding and river flooding (Sall, 2006; Wade et al.,, 2008;
Ndour et al., 2018). Although this situation is well known in
the history of this city, the situation recently worsened (Durand
et al,, 2010; Sadio, 2017; Bergsma et al., 2020) due to the rising
sea level together with the increase in ocean influence induced by
a breach made in the Langue de Barbarie in 2003, a coastal spit
that previously protected the city from the Atlantic. When large
storm surges occur during rainy periods, when the agitation of
the sea hinders the evacuation of river water (Sadio et al. 2017),
large-scale events can occur, including those of August 2017 and
February 2018, which caused the destruction of 100 houses and
the displacement of 2600 people (Diagne, 2020).

In the context of ongoing climate change and the prediction
of an increase in climatic instability, the extension of flood-prone
areas, in relation to a given climatic hazard, is a scientific
concern with strong societal implications (Breilh et al., 2012),
but in Senegal, there is almost non- existent work on marine
flooding and the anticipation of their impact and mitigation/
adaptation (Cisse et al., 2022). In addition, given the gradual
artificialization of Saint-Louis coastline, which is reflected in the
emergence of numerous coastal protection projects (Alves et al.,
2020) such as a riprap built between 2020 and 2022 it is of the
essence to study coastal flooding. According to Tebaldi et al.
(2012) understanding coastal flooding vulnerability is essential
to the decision-making logic and to the protection policies of
coastal communities and assets.

Using satellite-derived data and model hindcast data, this
paper aims to evidence the vulnerability of the historic Saint-
Louis city to potential coastal flooding where it endangers
property and people, economic activities, and cultural and
religious heritage.

Study area

The city of Saint-Louis is located in northern Senegal
(Figure 1). It has the characteristics of an amphibious city, as
it is built partly on the mainland, partly on an island in the
Senegal River and partly on the Langue de Barbarie (Sall, 2006).
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Location of the study area and satellite images acquisition. (Left) Pleaides satellite (CNES/Airbus) tri-stereo acquisition (made using Google
Earth). (Right) North-oriented Pleiades satellite image of Saint Louis city.

The latter is a sandy coastal spit that extends for 40 km and has a
variable width of about 100 m. Bounded by the Atlantic Ocean to
the west and the Senegal River to the east, the Langue de Barbarie
forms an elongated peninsula running north-south (Kante and
Fall, 2019; Briining, 2022). It is a highly urbanized site with the
presence of human settlements, artisanal landing ports, tourist
facilities, and a national park of high environmental value.
Indeed, like other sections of the Senegalese coastline, the
Saint-Louis coastline is among the most vulnerable to flooding
and erosion risks. It has a flat topography (most neighborhoods
are built less than 2 m above sea level), sandy soil, and a site
dominated by water, which exposes the population to many
natural hazards, the most recurrent of which are floods (Durand
et al,, 2010; Sy et al., 2011).

Materials and methods
Topographic data

The Digital Elevation Model (DEM) used in this study is
derived from the very high- resolution optical imagery from

Pleiades satellite (CNES/Airbus) - see Figure 1. Using Pleiades
panchromatic image (0.5 m ground pixel resolution), a tri-
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stereogrammetry method is performed using the NASA software
ASP (Ames Stereo Pipeline; Shean et al, 2016) to extract the
topography of the Langue de Barbarie (Almeida et al, 2019;
Salameh et al., 2019; Taveneau et al., 2021). The use of tri-stereo
method (three images) is preferred over stereo one (two images) as
it significantly improves the derived-topography (Almeida et al,
2018; Collin et al., 2018; Taveneau et al., 2021; James et al., 2022).
The images selected for this work are 3 acquired in March 2019, and
further processed using the method further described by Taveneau
et al,, 2021. The obtained DEM has a 2 m ground pixel resolution
and is map-projected into the UTM 28 coordinates system thanks
to the RPC (Rational Polynomial Coefficient) geometric file
provided with each Pleiades product.

This satellite-derived DEM-generation method allows a
good relative map-projection of the data, but the vertical
values “float” in absolute as no elevation information is
provided within ASP. Ground control points are essential to
give reference points to the DEM and correct the offset. With
ground surveys carried out few days apart from the satellite
acquisition using a RTK-GPS (Real Time Kinematic - Global
Positioning System) with a centimetric-precision (performed by
the SHOM, the French Navy Hydrographic and Oceanographic
Service) over 13 km of the Langue de Barbarie), the DEM
elevation is vertically-corrected (Garlan et al., 2020) thanks to

frontiersin.org


https://doi.org/10.3389/fmars.2022.993644
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Cisse et al.

the collected ground control points. Overall, although it depends
on the nature of the ground (e.g., buildings, flat terrain,
vegetation), sub-metric to metric accuracy is obtained from
Pleaides mission-derived DEMs after offset correction
(Almeida et al., 2019; Taveneau et al., 2021).

Hydrodynamic data

Quantification of extreme coastal water levels requires the
availability of hydrodynamic, meteorological and tidal
parameters. Tide data are extracted from the global tide
FES2014 model (Finite Element Solution, Carrere et al., 2016)
at hourly resolution and gridded worldwide at a 1/16° resolution
and produced by Laboratory of Geophysical and Oceanographic
Spatial Studies of Toulouse (LEGOS). Atmospheric pressure and
winds component (DAC) is produced by the Collecte
Localisation Satellites (CLS) Space Oceanography Division
using the MOG2D model from LEGOS and distributed by
AVISO (Archiving, Validation and Interpretation of Satellite
Oceanographic data), with support from Centre National
d’Etudes Spatiales (CNES) (http://www.aviso.altimetry.fr/).
Altimetric-derived SLA, including global mean level rise, is
extracted at the closest altimetry gridded data point from
AVISO and it corresponds to offshore regional sea level (Marti
et al,, 2021). ERA-Interim reanalysis data (global climate and
weather data available from 1979 onward) at a 0.5° x 0.5°
resolution developed by the European Center for Medium-
Range Weather Forecasting (ECMWF) model are used for
waves data at a 6-hour resolution over the 1994-2015 period.
Wave runup R is computed following the dissipative beach form
of Stockdon et al., 2006 (see Almar et al., 2021):

R=0.043\/H,L,

Where H and L, are offshore significant wave height and
wavelength. All the above-mentioned parameters are resampled on
an hourly basis over the 2013-2015 period. All the hydrodynamic
data used in this study are global dataset available worldwide are all
extracted at the nearest point from Saint Louis city (latitude 16.23°,
longitude -16.21°) in the corresponding grids, which ensures here a
maximum distance of 50 km from the coarsest grid. They
correspond to off the coast forcing and does not reflect local
coastal complex processes that might occur (ie. interactions
between drivers, waves refraction, morphology changes - see
Idier et al,, 2019; Bergsma et al., 2022).

Quantification of the extreme coastal
water level

To quantify the extreme coastal water level at Saint-Louis,
we use the formula of Almar et al. (2021) (Eq. 1):
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ECWL= SLA + DAC +T + R (1)

The extreme levels are generated following the combination
of several parameters, this model incorporates the sea level
anomaly (SLA), the height of the storm surge (DAC) due to
atmospheric pressure and winds, the level of the astronomical
tide (T) and the height of wave breaking (R). In order to
physically determine the impact of extreme water level reached
by the sea in Saint-Louis, we define the severe water levels
corresponding to the top 2%, thus the 98th percentile (following
a common definition of extreme storms). The cumulative annual
occurrence of the of the time spent over this threshold is
computed over the study period.

To compute overtopping and flooding potential, the
topographic data in this work are set to a geoidal coordinate
system (vertical datum). Here, the ECWL are converted to
geodetic data using the vertical datum value (0.981m) of
Woppelmann et al. (2008), so that they can be superimposed
with the topographic data. It should be recalled that the vertical
datum used is that of the tide gauge in Dakar, because there is no
one in Saint-Louis.

To study the trend of evolution of the extremes in Saint-
Louis on the basis of annualized data, the regress function of the
Matlab software (linear regression) is used. In addition, the
statistical test p-value is calculated to determine the level of
significance of the trend.

Flood zone and mapping and risk
for infrastructures

The methodological approach to flood mapping adopted in
this work is based on the calculation of the percentage of
potentially floodable surface through the satellite-derived DEM
and the raster calculator tool of the Arc Gis software. Then, from
the OSM (Open Street Map) databases, the properties (buildings,
parcels, etc.) are vectorized in Arc Gis. To identify the
infrastructures potentially exposed to flooding, spatial queries
similar to the selection by location are made in order to extract
the properties that are under the spatial extension of a certain
ECWL threshold.

Results

Evolution of extreme coastal
level occurrences

The thresholds representing the percentiles of low (30%),
moderate (60%) and severe (98%) ECWL correspond to -0.05 m,
0.78 m and 1.98 m, respectively (Figure 2A). Figure 2B shows the
evolution of the most severe threshold that presents a strong
interannual variability. The maximum temporal occurrence of
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the 1.98 m level was 180 hours between 1995 and 2000, but since
2005, there are 3 years out of 5 where it does not exceed 100 h,
with a minimum value of 54h. By extension, the occurrence of
floods has weakened over the sequence 2005-2010. On the other
hand, from 2010, there is an increase in the frequency of
flooding, with a maximum value of 220h, which reflects an
increase in the total annual duration of extreme sea levels, and
probably the frequency of coastal flooding in Saint-Louis.
Overall, the increasing trend in occurrence (significant at 95%
level) is 1h per year which correspond to almost a day spent with
flooding over this 23 years period.

Flood-prone areas and associated
impacts

To show the potential of extension of the coastal flooding in
Saint-Louis, a mapping of flood-prone areas is performed based
on the two highest percentiles, 60" and 98", combined with
satellite-based DEM (Figure 3). This because the 30" (-0.05 m)
percentile does not generate any risk of flooding in Saint-Louis.

Figure 3 shows a significant variation in the extent of
flooding between the 60th and 98th percentiles and highlights
a spatial contrast of the Saint-Louis coastline sections submerged
by extreme water-levels. The used-approach reveals that 10% of
the Saint Louis area would be potentially flooded under the 60th
ECWL threshold, in this low-lying river mouth alluvial plain.
This surface potentially submerged under the severe 98th ECWL

10.3389/fmars.2022.993644

threshold reaches 45% of the area is floodable, reaching key
urbanized areas.

The results reveal that some neighborhoods of Saint-Louis
are potentially exposed to extreme coastal water levels. Indeed,
much of the area covered by the Langue de Barbarie is
submersible. Figure 4 shows that the district of Gueth Ndar
(the most densely populated of Saint Louis and Senegal; Diop,
2017) is the most exposed to coastal flooding, followed by Ndar
Toute and Goxxu Mbacc. On the other hand, important
governmental infrastructures located on the island of Saint-
Louis appears to be preserved: the spatial extent of the severe
water level (98th percentile) does not affect this part of Saint-
Louis (north and south island). Moreover, the spatial disparity of
the flood extension observed on the Langue de Barbarie is
similar to that observed in the Sor suburb. In this part of
Saint-Louis, only the neighborhoods located in front of the
Senegal River are subject to flooding and the Pikine
neighborhood located inside the Sor suburb. From the 10 sites
(Goxxu Mbacc, Ndiolloféne, Gueth Ndar, North and South
Islands, Corniche, Balacos, Diamaguene, Leona and Pikine),
Gueth Ndar remains the most vulnerable to coastal flooding.
This is explained by its elevation characteristics largely below the
hydrodynamic extreme levels (i.e. 1.98 m). In terms of
infrastructure, the spatial queries performed reveal that 140 of
the 24588 buildings and 452 plots of land (or parcels) on 13796
can be flooded. This means that many social, economic, cultural
and religious assets are potentially endangered if not protection
is deployed.
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Spatial extent (red) of potential flooding for the moderate and severe ECWL scenarios, i.e. the 60th and 98th percentile.

Hydrodynamic factors contributing to
coastal flooding

Since the estimation of EWCL from the Almar et al. (2021)
model involves four parameters, we estimate here the relative
weight of each of them in the 98th percentile for the period 1994-
2015. Figures 5A-E shows hourly overall timeseries and annual
means of each component. Figure 5F shows the aggregated
annual conditions that produced a level above the 98th
percentile. The tide (T) contributes the most with 71%,
followed by wave run-up (R) with 25%, sea level anomaly
(SLA) drives 3%, with a negligible contribution (<1%) of
storm surge height due to atmospheric pressure and winds
(DAC) in this storm free environment. Noteworthy, while SLA
and DAC are dominated by interannual low varying evolutions
(i.e. season to years), waves and particularly tide have rapid
changes (i.e. hours to days).

The analysis of the evolution of the extreme level of coastal
waters in Saint-Louis reveals that despite his minor influence on
ECWL events, only SLA shows a significant 3.5 mm/yr trend at
the 95% level (pvalue less than 0.05), which contributes to the
increase in potential flooding. However, the large variability of
wave runup T and R during the events prevent a robust overall

Frontiers in Marine Science

1
19°28'30"W

06

1
19°28'0"W

trend assessment of ECWL on the study period and is a clear
source of uncertainty for coastal flooding risk prediction in Saint
Louis and elsewhere. This is due to the combined effect of their
large amplitude with high frequency signal with a random
phasing: waves randomly reach the coast during neap or
spring tides, low or high tides.

Discussion

The estimation of the extreme coastal water level in Saint-
Louis reveals that this section of the Senegalese coastline is
extremely vulnerable to ocean-induced flooding. Being a highly
urbanized site with an urban growth of 5% (Sidibe, 2013), there
is no doubt that the shores are highly exposed to coastal
flooding. Therefore we cannot talk about risk or vulnerability
without the existence of stakes (Pont, 2015): socio-economic or
environmental. The potential flood events of the Langue de
Barbarie are likely to affect social, cultural, economic, heritage
and cultural matters. Flooding in Saint-Louis causes a wide
range of impacts (Sall, 2006). From a spatial point of view, the
potential impacts manifest themselves in variable geometry. Of
the 10 sites (Goxxu Mbacc, Ndiollofene, Gueth Ndar, North and
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FIGURE 4

Map of infrastructures and assets of Saint Louis likely to be potentially flooded under the 98th ECWL percentile (i.e. 1.98 m).

South Islands, Corniche, Balacos, Diamaguene, Léona and
Pikine), the site of Gueth Ndar remains the most vulnerable to
coastal flooding. The district of Gueth Ndar is the most exposed
to flooding likely to be induced by the 1.98m water level. Given
its high human density, it is the most populated neighborhood of
the Saint Louis, but also of Senegal and West Africa (Diop, 2017;
Briining, 2022). This high human concentration combined with
its sensitivity to flooding, makes it particularly vulnerable. Many
of the social assets (including historical cemetery) present in this
part of the Langue de Barbarie would be impacted by flooding,
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which would also have consequences for the population as well
as for socio-economic activities, particularly fishing, which is the
dominant activity. This situation of vulnerability should incite
decision makers and coastal managers to consider the protection
of this section of the Saint-Louis coastline. Efforts concerning the
protection of coastal communities of the Langue de Barbarie
have been made through the construction of a protective dyke of
3m height in 2022. However, beyond the hard methods of
coastal protection, other alternatives of protection should be
adopted such as soft and nature based solutions (Alves et al.,
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(A—E) ECWL components hourly (black) and yearly (red) timeseries and (F) contribution of each ECWL component passing the 98 percentile and
potentially causing severe flooding in Saint-Louis between 1994 and 2015. In (F) the components are aggregated yearly during the moments
overpassing the 98 percentile. Blue line in (E) stands for the 98" percentile of the ECWL timeseries, and referred to as “severe” value.

2020). Indeed, our results show that more and more extreme
coastal water levels are expected and could overtop and overflow
the protective dike. To this end, the use of soft development
measures would be an effective solution. Soft solutions are less
damaging to the environment than hard solutions (Schoones
et al.,, 2019). Moreover, Baldeé et al. (2021) showed that beach
nourishment in the Langue de Barbarie, in this case the beaches
of Pilote Bar, played an important role in that it contributed to
beach widening. This method can also be efficient in dealing
with coastal flooding. A wide, fattened beach provides good
protection against erosion and overwash by decreasing runup
propagation, as well as the probability of crossing (Duvat, 2001;
Balouin et al., 2012; Itzkin et al., 2021). Moreover, it is likely to
encounter the phenomena of land subsidence of this densely
populated Gueth Ndar neighborhood. Continued subsidence
catalyzes sea level rise, which in turn increases water levels,
which exacerbates coastal flooding (Moller et al., 2014).
According to Woodruff et al. (2013), the impacts of coastal
flooding can be mitigated in part through the implementation of
adaptation strategies using conservative sediment management
and human-induced subsidence reduction. The protection of
this sandy strip (Langue de Barbarie) is of paramount
importance, as its disappearance could have significant
impacts on the city of Saint-Louis and the Sor suburb. In fine,
the relocation of populations may be a possible solution to
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protect people. Moreover, a relocation project to offer long-term
protection to the populations of the Langue of Barbarie in Saint-
Louis is underway. A 14-hectare relocation site located in
Diougop outside the city of Saint-Louis is being developed. On
this site, 600 housing units will be built to accommodate 10,000
people (Briining, 2022). This relocation project is currently
encountering a number of pitfalls related to the issue of social
acceptability. The populations of Gueth Ndar, who are mostly
fishermen, feel that this policy of relocation inland would take
them away from their place of work, the sea. However, a
participatory approach should be adopted to facilitate
acceptance of the project if their cultural and socio-economic
contribution to the identity of Saint-Louis is to be maintained.

Given that the drivers of coastal flooding are varied (Prime
et al, 2016), we attempted to separately analyze the factors
contributing to coastal flooding in Saint-Louis. Our results show
that the tide is the dominant driver of coastal flooding in Saint-
Louis. This observation is also made by Durand et al. (2010) on
the Langue de Barbarie. This finding is consistent with Almeida
et al. (2018) and Dada et al. (2019) works showing at other low-
lying coasts exposed to energetic waves that coastal flooding in
Nha Trang (Vietnam) and low-lying mud coast in Nigeria Delta
(Gulf of Guinea) are due to the interaction between waves and
tide. Durand et al. (2010) also points out that the tidal range has
significantly increased after the opening in 2003 of a breach in
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the sandspit and water levels in Saint-Louis lagoon are
increasingly aligned with the rhythm of the tides. However,
due to the lack of long-term tide gauges in Saint Louis, more
generally along the African coast (Abessolo Ondoa et al., 2019;
Martietal., 2021; Almar et al.,, 2022), our current study is limited
by the use of the FES2014 tide data which are harmonic-based,
off-shore, and do not reflect change over time (Figure 5D); any
trends or changes in local tides in could not be determined. Our
results also show interannual variability in the temporal
occurrence of extreme water levels at Saint-Louis. Especially
since our results reveal that the tide is the main factor
contributing to coastal flooding in Saint- Louis, and that in a
global context of global warming the sea level is expected to
increase. Thus, the impact of flooding in Saint-Louis will
strongly impact coastal communities. Due to the presence of
the river, the study area is at great risk of flooding as the sea level
rises gradually. Sea level rise by 2100 will strengthen coastal
flooding in Saint-Louis (Sall, 2006). Our data reveal that waves
have a significant impact on the occurrence of ECWL events at
Saint-Louis. As a difference with tides, the action of waves on
extreme events is likely to take significant proportions especially
in a context of climate and climate variability change, it should
be remembered. In particular, waves have a strong interannual
fluctuation controlled by the North Atlantic Oscillation (Almar
et al, 2019). Climate change, - which is reflected in the sea level
rise, has the effect of strengthening the action of waves (Costa,
1995; Wang et al., 2003; Melet et al.,, 2018), and will influence the
generation of swells of high intensity at the coast (Sergent et al.,
2010; Vitousek et al., 2017). This concern is confirmed by the
global simulations of Vitousek et al. (2017) that identify the
inter-tropical zone as particularly exposed to future increase in
coastal flooding.

In St. Louis, we find that this increase in potentially
inundated area with ECWL is rather linear (Table 1).
Interestingly, while there is considerable climate-induced
variability in waves, model predictions do not indicate clear
long-term trends (Melet et al., 2020a), nor does the R runup.
While current ECWL maxima are about 2 m, with a 1 m sea level
rise offset, as predicted (Oppenheimer et al, 2019) for the late

TABLE 1 Potential flooded area (%) at Saint Louis for ECWL thresholds.

ECWL (m) Potential flooded area (%)
0,05 0,29
0,5 4,5
1 15,20
1,5 30,13
2 45,42
2,5 58,30
3 67,43
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21st century, the inundated area can be expected to increase by
25% if no protective measures are taken.

Lastly, it should be noted that when interpreting the
consequences of overtopping on coastal flooding, the
occurrence of overtopping does not necessarily imply that the
entire low elevation coastal zone is flooded. Rather, overtopping
drives localized coastal flooding, immediately adjacent to areas
of overtopping, which would likely be both temporally and
spatially variable due to the combined effects of temporal and
alongshore gradients in breaking wave heights, and alongshore
variations in coastal elevation maxima (Almar et al., 2021). Even
if a standalone use for coastal studies (e.g. without ground
control point) is not yet conceivable at this stage with
operational accuracy (Taveneau et al, 2021; Turner et al,
2021), considering the encountered accuracy limitations,
satellite-based topography monitoring appears as a
breakthrough in decade-old monitoring technological barriers
(Benveniste et al., 2019; Melet et al., 2020b), in support of
coastal engineering.

Conclusion

By combining satellite-derived DEM with reanalyzes and
satellite observations of sea level components, this paper assessed
the vulnerability of the Saint-Louis coastline to the potential risk
of coastal flooding. Testimonies already reported various
impacts on economic, cultural, patrimonial and infrastructural.
Our results confirm that this site is extremely vulnerable to
coastal flooding potential almost half of this low lying river
mouth plain flooded under severe water levels. Spatially, the
different neighborhoods of Saint-Louis are unequally affected
with the most exposed one, also one of the poorest with
vulnerable communities, being located on the Langue of
Barbarie sandspit. Sea level rise is the main factor for the
trend. However, the fact that on top of rising sea, that the
compound influence of waves and tide that is predominant
responsible for the events induce a large uncertainty on the
prediction of coastal risk. This study documents coastal risk
flooding potential and its drivers which is not sufficiently
quantified and understood on the Senegalese coasts and West
Africa, and whose knowledge is an essential element in the
elaboration of coastal development schemes and protection of

coastal communities.
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