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Abstract: Increasingly, it is reported that the coastline of the Dakar region is affected by coastal
flooding due to extreme water levels during wave events. Here, we quantify the extreme coastal water
levels as well as the different factors contributing to coastal flooding during the period 1994–2015.
Severe water levels reach values of 1.78 m and increase by 8.4 mm/year. The time spent above this
threshold has already increased by 1.7 over the study period and will increase by 2100 to 8 times
with 0.4 m mean sea level rise and up to 20 times with 0.8 m in the IPCC low and high greenhouse
gas emission scenarios, respectively. Tide is the main contributor to the extremes when combined
with large wave runup, due to wave breaking which contributes to 38% of the increase in extreme
events while sea level rises to 44%. Our results show that because of its prominent location, Dakar
region is affected by waves coming from the Northern and Southern Hemispheres with contrasted
evolutions: wave runup events increase faster (7 mm/year) during austral winter due to a maximum
of the South Atlantic storm activity, and have a decreasing trend (−3 mm/year) during boreal winter
(December, January, February) driven by the evolution of corresponding climate modes.

Keywords: coastal flooding; extreme coastal water level; percentile; tide; waves; runup; maximum increase

1. Introduction

In a global context marked by global warming leading to an increasing sea level rise of
3.4 mm/year, coastal areas are increasingly threatened by erosion and marine submersion
risks [1–3]. Coastlines are vulnerable to the effects of climate change on a global scale
due to sea level rise, and on a regional scale due to changes in wave climate [4–7]. In
regions marked by low sea level change, a 10 cm rise could double the frequency of coastal
flooding over much of the Indian Ocean, South Atlantic, and tropical Pacific [8]. These
coastal floods occur due to a combination of oceanic and atmospheric factors [9,10]. They
are abrupt events with diverse social, economic, cultural, heritage, morphogenic, and also
ecosystem impacts [11]. Extreme events have immediate and noticeable impacts on the
coast, unlike longer-term mean sea level changes [12]. According to [13], storms are among
the most important driving forces inducing morphological changes in beaches and are a
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significant hazard threatening coastal issues. Today, many studies on modeling extreme
coastal events show that recurrent events generating more frequent and severe coastal
flooding are to be expected [8,14], and this will undoubtedly increase the vulnerability of
coastal communities. Indeed, more than 300 million people residing in low-lying coastal
areas are directly or indirectly exposed to coastal storms, causing USD tens of billions (US
dollars) in damage annually [15]. Storms are among the most devastating coastal hazards
in the world, causing numerous fatalities as well as severe socioeconomic consequences
each year [16]. In fact, between 1980 and 2000 tropical cyclone storms killed 250,000 people,
and each year about 120 million people are exposed to cyclone hazards. Today, they are the
leading cause of natural disasters in the world [17,18].

The African continent is particularly exposed to coastal risks [19] because it is largely
made up of low sandy coasts [20] and is highly anthropized and not benefiting from
sufficient protective structures [21]; the risk of marine submersion is a real threat for large
cities in the context of climate change because of the increase in sea level [22] that should
give the local figure for annual increase in sea level. According to [23], Alexandria, Algiers,
Casablanca, and Tunis are particularly vulnerable. According to [24], the issue of coastal
flooding is also important in Central Africa, as most West African coasts are open to the
Atlantic coastline according to [25] and [26].

Like other African coasts, Senegal’s low-lying coasts show signs of increased vulnera-
bility to coastal flooding. According to [27], marine submersion is a problem of varying
intensity along Senegal’s coasts, with the cities of Saint-Louis and Dakar being the most
exposed. Coastal flooding often occurs on low-lying coasts [28,29], when the total water
level (TWL) at the coast is higher than the land elevation [27]. Like St. Louis, Dakar has
an increased vulnerability to coastal flooding, which has been recurrent since 2005 [30].
They can be caused there by rainy episodes and meteorological events. Settled in part in
wet depressions known as Niayes [31], and experiencing galloping urbanization, Dakar
is indeed highly vulnerable to the risks of coastal and rainfall flooding in a context of
climate change marked by a recurrence of extreme events [32]. According to [33], this
vulnerability is attributable to natural hazards, uncontrolled urbanization and the failure of
land-use policies. The authors of [34] also judge that beyond climate dynamics the problem
of flooding in Dakar is mainly due to the urbanization of non aedificandi areas at risk that
should be inconstructible. According to [27], the people affected by coastal flooding in
Dakar would have been between 1500 and 2000 people per year in 2018. This number
could reach 20% of the population of Dakar by 2050 and 80% by 2100. This situation
shows the importance of studying and understanding coastal flooding on the Senegalese
coast, particularly in Dakar. In addition, in the context of ongoing climate change and the
prediction of increased climate instability, the delineation of flood-prone areas for a given
climate hazard is a scientific issue with strong societal implications [35]. Unfortunately,
in Senegal the works on extreme weather–marine events and their modeling are very
few in comparison to the issue [36]. However, this issue is an important element in the
protection of coastal communities and their activities, as information on vulnerability to
coastal flooding is essential to the decision-making logic and development of policies to
protect coastal communities and assets [37].

The coastline of Dakar with its particular geological, geomorphological and human
characteristics does not escape the phenomenon of coastal flooding. The vulnerability of a
coastline depends on the geological and topographical context [38]. Indeed, this coastline,
established on a low gradient and sandy facies, has the characteristics of a coastal space
at risk and we observed recurring trends of extreme situations in 2007, 2009, 2011 and
2014 [39]. However, through these different storm events it is unanimously agreed that the
issue of the vulnerability of the Dakar coastline to the risks of submersion and erosion is
increasing steadily.

Within this context this study aims to provide the key components of coastal water
level in Dakar and is a call to better understand how they impact the coast, and also refine
the needs and policies in terms of protection in a country where this documentation is miss-
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ing, preventing any efficient data-based sustainable coastal management strategy [11,21].
This article specifically aims to quantify, over the period 1994–2015, the extreme level of
coastal waters for Dakar to contribute to the knowledge of the vulnerability of this site to
coastal flooding, and better understand the various factors acting.

2. Presentation of the Study Area

The coastline of the city of Dakar is located south of the Cape Verde peninsula (Figure 1)
on the Atlantic Ocean coastline. Its geographical position constitutes a considerable asset
for its economic influence and the diversity of its ecosystems with its 133 km of coastline,
along which are present two types of environment: the rocky and sandy coasts which
occupy more than half of the coastline [40]. It is a highly urbanized site with the presence of
human settlements and coastal issues. This situation, combined with its geomorphological
characteristics, explains its vulnerability to the risk of marine submersion. The south-facing
coast corresponds to the collapsed part of a fault, explaining its high vulnerability to
extreme marine weather events. This tectonic feature is also a decisive factor in explaining
the vulnerability of the Dakar coastline.
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Figure 1. Location of Dakar [41] (latitude = 14.71◦, longitude = −17.46◦), Senegal (West Africa). Left
column roses show summer and winter months wave energy incoming directions.

Two types of swell approach the Senegalese coasts, particularly the Dakar coast,
namely the northwest swell and the southwest swell [26]. It is noteworthy that Senegal
can be seen as a storm free coast. Wave energy in Senegal is dominated by swell, coming
remotely from the generation zones at mid to high latitudes. The swells of northwest
direction come from the North Atlantic and are almost present all year round. On an
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annual scale the swells reaching the coast come mainly from the northwest. The action of
this swell is felt differently at the level of the Small (South) and Great Senegalese Coast
(North). Located south of the Cape Verde peninsula, the Petite Côte is weakly impacted by
the action of northwest swells because they are subject to the full force of the phenomenon
of diffraction at the approach of the Cape Verde peninsula, on the one hand, against a
refraction in contact with the bottom of Goree Bay [42,43]. Swells of the southwest direction
come from the South Atlantic, and are almost always observed during the rainy season.
The energy released by these swells is very important. Except for the refraction caused by
the high seabed of the continental shelf of the Petite Côte, most of the energy of this swell
reaches the coast [44]. Observed from July, they reach their maximum power in August and
September. More energetic, they can cause coastal flooding when they participate in storm
surges and play an important role in the coastal erosion process of the Petite Côte [42]. This
explains the increase in storm surges observed during the winter period [39].

3. Materials and Methods
3.1. Hydrodynamic and Meteorological Data

Quantification of extreme coastal water levels requires the availability of hydrody-
namic, meteorological and tidal parameters. Tide data were extracted at the closest grid
point from the global tide FES2014 model (Finite Element Solution, [45] at hourly resolution
gridded worldwide at a 1/16◦ resolution and produced by Laboratory of Geophysical
and Oceanographic Spatial Studies of Toulouse (LEGOS). Storm surge (DAC) due to at-
mospheric pressure and winds are 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/
accessed on 21 November 2022). 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 [46]. ERA-Interim reanalysis data (global climate and weather
data available from 1979 onward) at a 0.5◦ × 0.5◦ resolution developed by the European
Center for Medium-Range Weather Forecasting (ECMWF) model are used for waves data
at a 6-h resolution over the 1994–2015 period. Wave runup R is computed following the
dissipative beach form of Stockdon et al. 2006 (see [2]) (Equation (1)):

R = 0.043√HsLo (1)

where Hs and Lo are offshore significant wave height and wavelength.
All the above parameters were resampled hourly during the period 2014–2015. All

hydrodynamic data used in this study are globally available and all are extracted at the
closest point to the city of Dakar (latitude 14.71◦, longitude −17.46◦) at the corresponding
grids, which here ensures a maximum distance of 50 km from the coarsest grid. These
correspond to offshore forcing and do not reflect the complex local coastal processes that
may occur (i.e., interactions, wave refraction, morphological changes; see [47,48].

3.2. Quantification of Extreme Coastal Water Level (ECWL)

To quantify the extreme coastal water level at Dakar, we used the formula of [2]
(Equation (2)):

ECWL = SLA + DAC +T + R (2)

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 severity of the heights reached by the sea we
sought to identify the water levels corresponding to the top 2%, thus the 98th percentile,
hence the classification of water levels and the determination of the value of 1.78 m. Note-

http://www.aviso.altimetry.fr/
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worthy, this extreme value threshold is defined from purely hydrodynamic considerations
and does not reflect flooding occurrence, which requires an accurate digital elevation model
(e.g., Lidar, on-demand satellite) available for the topography of Dakar, which is missing.
Here, we quantify the total extreme coastal water level and establish the relative weight of
the parameters of the [2] equation in the ECWL, and finally compute the evolution of the
total annual duration of occurrence of these very high water levels.

The contributing components during the severe events are computed as their yearly
averaged values during moments exceeding the 98th percentile ECWL threshold value.
To study the trend of extremes on the basis of annualized data, a linear regression is used
and the Mann–Kendall significance test is performed to test the null hypothesis together
with a p-value, used here with a 95% level. The contribution of each driver to the trend is
computed using a linear separation of each component from the ECWL overall trend.

4. Results
4.1. The Occurrence of Coastal Flooding

Figure 2b shows the interannual variability of the temporal occurrence of the extreme
water level corresponding to the 98th percentile at Dakar. At this site, the maximum
duration of the 1.78 m level was 148 h between 1995 and 2000, but after 2005 there are seven
years out of ten where it exceeds 150h, with a maximum value of 248 h in 2008 (Figure 2b).
This reflects an increase in the total annual duration of extreme sea levels, and probably in
the temporal frequency of coastal flooding Dakar.
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Figure 2. (a) Distribution of different percentiles of extreme coastal water level (ECWL), from 1994 to 2015.
(b) Number of hours per year that the sea level at Dakar corresponded to the 98th percentile (1.78 m),
from 1994 to 2015. Solid red line is the linear trend. Dashed red lines show the 95% significant interval.

4.2. Hydrodynamic Factors Contributing to Coastal Flooding

Since the estimation of the EWCL according to [2] the model is based on four parame-
ters, we estimate the relative weight of each of them in the 98th percentile. Figure 3 shows
that the tide (“Tide”) is the dominant factor, followed by runup induced by wave breaking
(“WaveR”), sea level anomaly (“SLA”), and storm surge height due to atmospheric pressure
and winds (“DAC”).

Even if tide is dominant, Figure 4 illustrates for the year 2015 the fact that it is rather a
combination of high “spring” tides with wave events that generate high levels. Events in
March and July show this. Noteworthy, it is also the occurrence of high tide high frequency
that generates extremes; a wave event occurring during low tide or neap tide will not
produce a very high water level.
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Figure 4. Illustration of the daily (maximum) contributors to Extreme Coastal Water Level over the
full 2015 year. Black dashed line represents the interaction between hourly tide and other components.

4.3. Trend of Evolution of Extreme Coastal Water Levels in Dakar

The analysis of the evolution trend of the extreme sea level at the coast reveals that
the extreme events are evolving faster than the sea level rises. The results show that the
evolution trend of the ECWL in Dakar is 8.4 mm/year over the period 1994–2015 while the
sea level rise is only 3.7 mm/year, or 44% of that of the ECWL (Table 1). On the other hand,
wave breaking contributes significantly to the increase in extreme sea levels in Dakar, up to
3.2 mm/year (38%), against only less than 1 mm/year for the height of the storm surge due
to atmospheric pressure and winds (DAC). In total, annual extreme sea levels increased by
21 cm between 1994 and 2015 at Dakar (based on the trend computed in Table 1).



Climate 2023, 11, 6 7 of 12

Table 1. Relative trends of different model parameters in the increase in extreme water levels in
Dakar, from 1994 to 2015 and their interannual variations. * indicates trends statistically significant,
passing the NULL hypothesis using the Mann–Kendall test, at a 95% level.

Sea Level Component Trend (mm/an) Interannual Variability (mm)

ECWL 8.4 * 28.3

R 3.2 10.1

SLA 3.7 * 22.3

Dac <1 2.6

4.4. Seasonality and Origin of Swells

The analysis of the results of the seasonality of the components of ECWL in Figure 5a
reveals that waves are the most variable. The monthly maximum values of runup are
maximum in the boreal winter period, coinciding with the arrival of North Atlantic swells.
Trends in Figure 5b show that wave extremes increase faster in June–July–August (maxi-
mum of South Atlantic swells, southern winter), at a rate of more 7 mm/year while they
even decrease in northern winter (December, January and February), when dominated by
the North Atlantic Storms. These results emphasize that the less frequent South Atlantic
swells have increasing potential to produce damage such as flooding, than swells with a
northern component. This is confirmed by most reported events observed in Dakar over
the period 1994–2015 that occurred in the local rainy season (June, July and August) and
the most intense events are recorded in August.
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5. Discussion

The estimation of extreme sea levels at Dakar confirms that this section of the Sene-
galese coastline is vulnerable to extreme coastal water levels and potential flooding. In-
deed, the ranking of ECWL values by severity (sea level heights), and the choice of the
98th percentile (top 2% of ECWL values), show that this threshold corresponds to a water
level equal to or higher than 1.78 m (Figure 2a). At this site, the average time during which
the sea level reached this height during the year was 135 h between 1995 and 2000, but
from 2005 onwards it exceeded 150 h for seven years, and even 200 h (2008 and 2011) for an
average value of 220 h after 2005 (Figure given the diversity of factors that can generate
coastal flooding, we attempted to estimate the relative weight of each parameter in the
model). Many processes such as tide, wave run-up and sea level rise contribute to coastal
flooding [49]. Our results show that the tidal level (T) is the major force contributing to
coastal flooding in Dakar. Indeed, studies on coastal flooding show its prominent role in
the coastal flooding process [50], as well as the increase in the annual frequency of coastal
flooding due to tidal action in recent decades [51]. Our results actually show that it is
the interaction between T (tidal height), R (wave breaking), and to a lesser extent DAC
(sea level anomaly) that explains the occurrence of very high sea levels in Dakar. Other
researchers [52] point out that it is important to note that tidal inundation does not imply
that high tides are solely responsible for pushing water levels above inundation thresholds,
but it is the combination of different sea-level-related processes that leads to tidal inun-
dation. In the study area, strong spring tides combined with wave events generate high
levels. In addition, the results also show that neap tides do not produce very high water
levels. Similar results were observed by [53] who states that extreme water levels can be
counteracted under neap tide conditions. The same finding is made by [54]. The low water
level in a storm period coinciding with a low tide can be explained by the variation in the
breaking point. Moreover, according to Costa [55] the breaking of waves at low tide occurs
further offshore due to the effect of the decrease in depth.

According to [4], most studies related to coastal flooding sensitivity tend to focus on
sea level rise rather than wave and extreme water level climate. Our results show a trend of
increasing extreme water level events necessarily related to elevation. The trend in ECWL
at Dakar, of the order of 8.4 mm/y, is largely the result of an increase in wave runup, which
contributes significantly (38%, or 3.2 mm/y). The occurrence of very high sea level at Dakar
is thus increasing faster than the rise in sea level. Wave action (R) on coastal flooding events
is likely to take on significant proportions in the context of climate change. Indeed, climate
change, which translates into sea level rise, has the effect of reinforcing wave action [55,56]
and will influence the bathymetric surge generating high intensity swells at the coast [55].
With the current trend of increasing wave-induced runup, far outweighing the other factors
(SLA and DAC) (Table 1 and Figure 4), an increase in the occurrence of very high sea levels
and extreme events generating high-impact coastal flooding should probably be expected
in Dakar. The authors of [8] predict that regions in the tropics will experience the greatest
increases in storm frequency. In this context, wave breaking, often ignored in the study of
the probability of return of coastal flooding in the context of climate change, would deserve
the interest of those responsible for the management of the coastal zone.

Wave direction contributes significantly to extreme water levels [57], hence the im-
portance of considering them in this study. The results reveal that over the period
1994–2015 most extreme meteorological–marine events in Dakar are recorded in boreal
summer/southern winter (June, July and August) and that August constitutes the maxi-
mum. This is a result of the swell from the South Atlantic at this time of year. These results
are similar to those of [58], who recently showed that South Atlantic swells cause the most
severe flooding in Senegal and the southern coastline. Moreover, according to these authors,
swells from the South Atlantic have a strong destabilizing potential and are responsible
for a strong sea level anomaly in the Dakar area and generally on the Senegalese coast.
The energy released by these swells is very important. Except for the refraction caused
by the seabed of the continental shelf of the Petite Côte, most of the energy of this swell
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reaches the southern coast of Senegal [44]. Observed from July, they reach their maximum
power in August and September [42]. More energetic, they can cause coastal flooding
when they participate in storm surges [39] and play an important role in the evolutionary
process of the Petite Côte coastline [42]. These results show that the seasonality of the
swell is an important component to consider in the study of extreme marine weather
events in Dakar, especially on the Little Coast. Noteworthy, the increasing trend of wave
runup in June–July–August can be attributed to a current increase in the Southern Annular
Mode [58,59] activity, while the decrease during December–January–February is explained
by a long term modification of the North Atlantic Oscillation [44,59] that deviates waves
from sub-tropical Senegalese coasts.

The exceedance of the severe threshold of 1.78 m (98% percentile) obtained during the
study period increased by 1.7x. It will potentially increase by 8x with a global mean sea
level rise of 0.4 m, and 20x with 0.8 m by 2100 according to IPCC RCPs greenhouse gas
emission 2.4 and 8.4 scenarios, respectively. This is assuming constant waves. However,
because wave impacts on the coast depend on open ocean wave characteristics, they are
also expected to be affected by patterns of climate variability and thus undergo significant
changes under future climate scenarios [60–64]. In the Atlantic, global warming would lead
to a poleward shift in extratropical storm tracks, particularly in the South Atlantic, with no
global intensification but considerable regional changes [7,65–67]. An increase in tropical
storm intensity has been reported by various studies [8,68–70] with significant potential
impact due to their coastal–normal orientation in Senegal. An increase in the impact of
storms and flooding [8], more frequent tropical cyclones, and South Atlantic events have
the potential to significantly change the equilibrium state of Senegal’s sandy coast, and by
extension likely the entire West African coast.

Noteworthy, the results obtained in this study are from global model re-analyses and
observations. Due to the scarcity of in situ information in West Africa [41,71] it is not
possible to compare our estimate with other observations, which is a limitation when using
global re-analysis and satellite data, which are necessarily coarse. However, these data are
validated worldwide in similar environments [2], which gives confidence in our results.

6. Conclusions

In a context of global warming the sea level is expected to rise, which is already the case.
Dakar region already experienced this several times in recent decades, with the growing
fear of the impact on coastal communities of more frequent or more severe marine flooding
and damage to the infrastructure. On this site whose sensitivity to coastal flooding has been
known for a long time, we quantified the various components contributing to very high sea
levels; our results reveal that the tide is the major contributing force, but that runup through
wave breaking remains an important explanatory factor of the increase in extreme events
(38%), together with sea level rise (44%). Finally, this work provided new information on
the evolution and origin of extreme coastal water levels that are not sufficiently studied on
the Senegalese coast, but whose knowledge is an essential element for the development of
coastal development schemes and the protection of coastal communities.
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