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1. Introduction

The African continent faces many socio-economic and en-
vironmental challenges. The concentration of population in ur-
ban areas is a global trend, but in developing countries, this im-
plies increased hardships due to existing informal urban devel-
opment, pollution and insufficient infrastructures and services
to deal with a fast-growing population. Moreover, countries in
West Africa suffer from severe coastal hazards, experiencing
erosion rates above 1 metre per year in certain areas. This af-
fects communities, livelihoods and infrastructures while hin-
dering progress and economic growth. Climate change is ex-
pected to exacerbate this baseline situation (World Bank, 2013).

HIGHLIGHTS

The Senegalese coastal area is not indifferent to these
challenges and represents a clear example of vulnerability to
the effects of climate change (DEEC, 2015). Indeed, it consists
of a multitude of activities (economic, social, cultural) and spe-
cific ecosystems that are exposed to climate change, includ-
ing coastal erosion. Exposure to these risks also increases the
vulnerability of certain human settlements and coastal sites,
which already face heavy marine intrusions in the form of flood-
ing and tidal waves.

Studies on the vulnerability of Senegalese coastal areas
to climate change (e.g., Dennis et al., 1995; Niang et al., 2010)
have shown that rates of sea-level rise could lead to acceler-

- Dakar is exposed to coastal erosion and flooding. These risks are expected to
increase in the future due to climate change.

« The areas most at risk of coastal flooding are the canal of Ngor, the flat areas around
the Port and the chemical industrial facilities (ICS) in Mbao.

« As for coastal erosion, the areas most at risk are the long beach of Hanika in the
Grand Cote and the narrow beaches from Hann to Mbao.

- The population at risk of coastal flooding due to sea-level rise and extreme events
is expected to increase by 20-30% in 2050 and by more than 80% in 2100 unless

adaptation measures are implemented.

- Economic damages, in the absence of adaptation, could increase by 30% in 2050
and by 80% in 2100, considering a middle of the road sea-level rise scenario.
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This policy report
includes the main
results of the risk
assessment, which
considers coastal
flooding and erosion in
the study area.

ated coastal erosion, flooding in low-lying
coastal areas (especially mangrove estu-
aries) and increased salinization of soils
as well as surface and ground waters.

This report is part of the Governadapt
project, funded by the Basque Coopera-
tion Agency and whose aim is to under-
stand current and future coastal risks
to support climate adaptation in Dakar.
Governadapt addresses these goals by
developing a coastal risk assessment
that was next discussed in a participato-
ry approach with stakeholders from the
region. This policy report includes the
main results of the risk assessment,
which considers coastal flooding and
erosion in the study area, comprised
by three out of four departments of the
Dakar Region, namely Dakar, Pikine and
Guédiawaye (Figure 1).

The assessment of coastal risks in
Dakar has been developed based on the
IPCC's risk framework, in which climate
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Figure 1. Dakar Region. The study area includes the

departments of Dakar, Pikine, Guédiawaye (modified
from Maximilian Dérrbecker’s figure).

Box 1.
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Components of TWL:

« Astronomical tide refers to the
periodic rise and fall in the level
of the water in oceans and seas
as aresult of the gravitational
attraction of the sun and moon
and the rotation of the Earth.

- Storm surges lead to the rise in
water level on an open coast due
to meteorological reasons, the
combined impact of the wind
stress on the water surface, the

boundaries of the adjacent water.

Components of total water level (TWL)

Coastal inundation occurs when the total water level (TWL) on the coast in any
instant is higher than the land elevation of the coastal area. The TWL on the
coast is the result of combining several components: tide, meteorology and
breaking waves, as shown in the figure below. Eventually, projections of sea-
level rise are an additional component that can also be added to the TWL to
reflect future climate change scenarios.

TotalWaterLevel = Astronomic Tide + Storm Surge + Run-up + Sea Level Rise

atmospheric pressure reduction, decreasing water depth and the horizontal

- Wave run-up is the maximum onshore elevation reached by waves, relative to
the shoreline position in the absence of waves.

- SeaLevelrise due to climate change.
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risk is the result of combining climate
hazards, exposure and vulnerability (Fig-
ure 2). Climate hazard is the occurrence
of potentially dangerous weather or cli-
matic events. In the case of the Governa-
dapt project, climate hazards are sea-lev-
el rise due to climate change and extreme
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Figure 2. IPCC’s risk assessment framework.
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storm surge leading to coastal flooding
and erosion'.

Finally, vulnerability is the propensity
or predisposition for a system, person,
asset or species to be adversely affect-
ed. Vulnerability is the result of diverse

historical, social, economic, political,
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'The methodological approach follows the methodology defined by Toimil et al. (2017). The data has been obtained from Perez et al. (2017) and Vousdoukas et al. (2016).
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cultural, institutional and environmental
conditions and processes that influence
the capacity to anticipate, cope with, re-
sist and recover from the adverse effects
of a hazard. The assessment of vulner-
ability was carried out through the use
of vulnerability functions that describe
the damage at a certain water depth of
coastal flooding. The damage to build-
ings was obtained from Huizinga et al.
(2017) and the population is considered
to be “adversely affected” if flood depth is
larger than 30 cm.

2. Modeling coastal risks in
Dakar

Coastal risks are an existing problem
of variable intensity along the coast of
Senegal that will be exacerbated by cli-
mate change. In some areas of Senegal,
like in Saint Louise and Rufisque (Ndour
et al., 2018, Niang-Diop, 1995), the conse-
guences of these hazards are already se-
rious, and in some cases, unfortunately, a
disastrous problem.

2.1. Coastal inundation

Coastal inundation in this report refers
to saltwater floods caused by sea level,
tides and storm surge combining to raise
the ocean high enough to spread over ad-
jacent land. The current coastal flood haz-
ard in the Dakar region is shown in Figure
3. In general, areas at risk of flooding co-
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Figure 3. Current coastal flood risk in the Dakar region.
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Figure 4: Current erosion rates from previous works in the region of Dakar. Source: Ndour et al., 2018; Niang et al, 2010;
Birame Diadhiou et al, 2016; Faye et al(2010); Bakhoun et al (2017).

incide with already existing water bodies
that spread onshore due to the sea action.
In addition, the extent of coastal inunda-
tion varies together with the typology of
the coast. This is because the response
of the coast is different in the Grand Cbte,
which is characterised by long sandy ar-
eas, the Petite Cote formed of successive
series of small sandy areas and capes, and
the Cap Vert rocky areas, consisting of
mainly cliffs, with small beaches.

Malika

Thiaroye
Sur Mer

e

Dafterg

Petite Céte

In the Grand Cote, from Malika to Yoff,
the existing long open beach and dunes
work to protect the coast and are cur-
rently able to defend it from flooding. Only
in the cape in front of Yoff Islands, where
the land is flat and used by local fisher-
men to leave their boats, does relevant
flooding occur.

Between Yoff and the limit of Cap Vert
(the westernmost point of Africa’s main-
land), the coast is characterized by an ir-
regular shape, with rocky areas and small
pocket beaches. In this area, no relevant
flooding is observed. The only exception
is the coastal area of Ngor where the ca-
nal represents a potential entrance point
for the waves to penetrate and flood the
surrounding urban area. On the west
coast, from Ngor to Cap Manuel, the exis-
tence of cliffs and rocky areas in the first
few meters behind the coastline keep the
area safe from flooding.

The Port of Dakar, as is common for
these kinds of critical infrastructures, is
located in a very flat area. Consequently,
in the case of an extreme event reach-
ing the port level, the surrounding areas
could be flooded. In the north of the port,
the flattest areas of Bel Air are flood-
prone as well.

From there to Cap Des Biches, at the
border with Rufisque, there is a succes-
sion of narrow sandy areas. In Hann, the
water finds a way to penetrate onshore in
some places, but inundation is not signif-
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Figure 5. Estimates of current erosion in the Dakar region.

icant. In Thiaroye Sur Mer, the built area
is so close to the shoreline that any small
amount of flooding has the potential to be
significant. Finally, the Mbao beach and
flat areas around the chemical industrial
facilities (ICS), represent places where
the action of incoming waves in cases
of extreme events could affect the sur-
rounding areas.

2.2. Measuring coastal erosion
Coastal erosion, or shoreline retreat,
is the loss of coastal lands due to the net
removal of sediments or bedrock from
the shoreline. Erosion can be eitherarap-

gettyimages'
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Figure 6. Anthropogenic origin of the erosion in
Mbeubeuss (SEYLLOU/AFP via Getty Images).
Source: Google Earth.
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id-onset hazard that occurs very quickly,
in a period of days to weeks; or a slow-on-
set hazard, occurring over many years, or
decades to centuries. Coastal erosion is
the result of a natural process that oc-
curs whenever the transport of material
away from the shoreline is not balanced
by new material being deposited onto the
shoreline. Erosion results in a changing
position of the shoreline.

The problem of coastal erosion has
been widely described in Senegal. There
are areas, like Saint Louis and Rufisque
(Niang-Diop, 1995; Ba et al., 2007), in
which erosion is a critical issue, but Da-

Figure 7. Thiaroye Sur-Mer. The construction of a
breakwater leads to an accretion zone that has been
urbanised.

Source: Google Earth.

2 Accretion refers to the opposite of erosion, the process of coastal sediment on a beach.

kar is not indifferent to this problem. In
Dakar, coastal erosion has been studied
extensively. See, for example, the thesis
by Faye (2010) or the more recent work
by Bakhoun et al. (2017, 2018). The World
Bank has also developed several assess-
ments within the West Africa Coastal Ar-
eas Management Program (WACA). These
previous works reveal an overall reces-
sion of the coast that ranges between 0.5
and 2 m (Figure 4). Governadapt builds on
all of these valuable works and updates
the analysis applying a state-of-the-art
methodology (Toimil et al., 2020), widely
validated numerical models (Miller and
Dean, 2004), and currently available data
(Vitousek et al., 2018).

The current state of coastal erosion
has been evaluated by analysing satellite
imagery, focusing on the position of the
shoreline from year to year at locations
every 300 m along the sandy beaches of
the coast of Dakar. With that information,
the erosion and accretion trends along the
coast across the different years were ob-
tained (applying DSAS, Himmelstoss et al.,
2018). Results for the current erosion rates
are presented in Figure 5, where each bar
represents a profile and its colour de-
scribes the state of erosion or accretion?,
as well as the annual rate in meters.

The results expose a relevant erosion
trend in Guediawaye, which diminishes
towards Yoff. Based on the satellite im-
agery analysis, the sandy areas between
Yoff and Cap Manuel are more stable.
From the port to the border with Ru-
fisque, along the coast of Pikine, accre-
tion and erosion appear mixed in the area
from Hann to Mbao, depending on local
conditions and coastal typology.

The origin of these changes on the
coastline is both natural and anthropo-
genic. On one hand, natural processes
can appear due to sea-level rise, sand
deficit, etc. On the other hand, anthro-
pogenic processes are due to sand ex-
traction from beach areas, inadequate
design, urban planning, etc. These pro-
cesses are linked to massive coastal oc-
cupation and also affect other hazards,
for instance, triggering problems of salt
intrusion.

Finding the origin of the erosion (nat-
ural or anthropogenic) is essential to
understanding the evolution of an area,

Coastal flooding and erosion under climate change: a risk assessment for Dakar
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at a local scale, and helps to determine
the causes of the erosion in order to act
adequately. For instance, according to
satellite photographs, the Mbeubeuss
area appears to be subject to irregular
erosion, since the dry beach is narrower
and different from the surrounding areas.
The evidence (Figure 6 below) suggests
that erosion is caused not by natural
events but by the extraction of sand for
construction works (Figure 8). In Thiar-
oye sur Mer the net sediment transport
eastwards is retained by the constructed
breakwater, diminishing the sand avail-
ability on the east, and increasing depo-
sition on the west. The result is a newly
generated area caused by accretion trig-
gered by the breakwater, which has then
been urbanised (Figure 7).

3. Mapping coastal inundation
and erosion under climate
change

Sea-level rise due to climate change
sets a new baseline wherein the waves
and tides can increase, exacerbating
coastal inundation. The way to account
for future climate change is done by us-
ing climate scenarios, each one of them
is defined by certain parameters that
derive an associated Total Water Level
(see Box 2). The combination of these pa-
rameters provides a range of cases, from
most optimistic to most pessimistic. In
other words, each scenario is reflected
on the components of the Total Water
Level (see Box 1) and it translates into a
certain hazard level, which in turn implies
different coastal inundation and erosion
outcomes. No future socio-economic
scenarios have been considered in the
assessment.

3.1. Coastal flooding under climate
change

Future coastal flood risk was obtained
following the combination of the parame-
ters presented in Box 2. Some results for
coastal flood risk are depicted in Figure
8: (i) Baseline, as presented in section 2;
(ii) coastal flood risk in 2050, which ac-
counts for an extreme event with a return
period of 100 years; (i) a scenario for the
year 2100 considering the middle-of-the-
road scenario (RCP4.5); and (iv) a scenar-
io for the same year (2100) considering
the worst scenario (RCP8.5), including
the effect of a 100-return period.

O\ Box 2.

Selecting climate change scenarios

Several parameters have been considered to estimate coastal flooding and
erosion under future climate change: the evolution of CO, emissions, the year in
which the situation is assessed, and the coincidence of extreme events, such as
storm surges.

Representative Concentration Pathways

Representative Concentration Pathways (RCPs) represent a range of possible
future emission trajectories over the century, which correspond to a certain
increase of the level of total radiative forcing (W/m?)in the year 2100 with respect
to the preindustrial period.

In Governadapt, two RCPs, which account for two different CO, emission
pathways, have been applied: RCP4.5, which is a medium-low emission scenario
that can be considered a middle-of-the-road pathway. The second scenario is
RCP8.5, which considers that emissions continue to rise throughout the 21
century. RCP8.5 is commonly recognized as a worst-case scenario. Note that
until 2050, differences across RCPs remain small. From 2050 onward, pathways
diverge and this difference increases with time.

Sea-level rise projections

Projections for climate-induced sea-level rise under RCP4.5 and RCP8.5 were
taken from Vousdoukas et al. (2017).

Time horizon of the assessment

Two-time horizons were considered in the Governadapt project: one until the
year 2050, which provides information that can support adaptation planning
in the short to mid-term, and the other until the year 2100, which allows
understanding the potential evolution of sea-level rise and coastal flooding in
the long run.

Extreme event return period

Extreme events are commonly featured by what is called a return period (TR).
Return periods estimate the time interval between events of a similar size or
intensity. For example, an extreme storm event with a 50-year return period can
be expected to happen once every 50 years.

T —

Year 2050
(RCP 4.5/8.5 combinés)
. TR = 100 years
Baseline Medium SLR 28cm

e

N
; é Year 2100

(RcP 8.5)

Year 2100
(RCP 4.5) TR = 100 years
Medium SLR=57cm Medium SLR=90cm

Figure 8. Coastal flooding (in blue)in 2050 and 2100 under different climate change scenarios and compared to the
baseline (current flood risk).
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The total population
living within the
calculated flood-prone
areas was estimated
for the current situation
and future scenarios.

Focusing on the same areas affected
by current risks (baseline), the potential
floods observed on the Grand Coéte are
not severe, even in the worst-case sce-
nario. In this area, the long beach acts as
a barrier which is able to adequately stop
flooding. The presence of dunes in some
areas strengthen this protective perfor-
mance of the coast.

In the area of the Canal of Ngor, the
effect under extreme conditions, linked to
extreme return periods, becomes more and
more significant, wherein flooded areas
become larger as scenarios become more
severe. While this trend is seen all along the
coastline, itis more prevalent in flat areas.

In the case of the Port of Dakar, al-
though the affected area increases with
more severe scenarios, flooding does not
increase as much as in the case of the
Ngor Canal. The elevation of the areas
surrounding the port facilities is higher
and therefore is harder reached by the
action of the sea. The flood extent does
notincrease asin other areas, even under
the most extreme scenario.

Finally, in the area of Mbao, flooding
follows the very same pattern. Flooding
takes advantage of the already existing
water bodies to penetrate inland. This
phenomenon is exacerbated under the
worst case scenario, where the affected
area spreads to the surrounding areas of
those water bodies.

3.2. Coastal erosion under climate
change

Following the same principle as in the
case of coastal inundation, the future
scenarios of coastal erosion are estimat-
ed considering the waves and tides until a
certain year, incorporating sea-level rise
projections. As aresult, Figure 9 presents

9 World Urbanization Prospects 2018
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Figure 9. Coastal erosion in 2050 and 2100 under different climate change scenarios.

the total retreat that would occur under
various climate change scenarios. Total
retreat refers to the distance that the
shoreline retreats under a given scenario
under each analysed profile.

In 2050, under the middle-of-the-
road scenario (RCP4.5) the Grande Cote
displays larger net retreats. In the Petite
Cote, the retreat is not as large but there
are certain areas where the beach width
is very narrow, thus, certain small re-
treats can result in a high percentage of
the beach lost (Figure 9, top left).

The second scenario considers the
effects of a b0-year return period extreme
event, in addition to sea-level rise (Figure
9, top right). In terms of erosion, a return
period of 50 years is extremely high, mean-
ing that erosion increases substantially. In
acoastal erosion assessment like this one,
potential anthropogenic actions and spe-
cific local effects, like those observed in
Figures 6 and 7 cannot be included in the
analysis, and therefore, the main result is
the general natural trend observed at this
regional level. The third map(Figure 9, bot-
tom) presents the situation with a return
period of 50 years (extremely high) and a
time horizon until 2100 (instead of 2050).
The observed trend is areductionin beach
extension, specifically in the areas where
the beach width is not very large, such as
in the Petit Cote.
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4, Estimating population at
risk and economic damages
due to coastal flooding

Once the analysis of the coastal haz-
ards has been developed and flood maps
are available, the population exposed to
such coastal risks can be estimated, as
well as the monetary damage resulting
from flood risk.

4.1. Population exposed to coastal
risks

The total population living within the cal-
culated flooded areas was studied for both
the current situation (baseline) and the
different climate change scenarios consid-
ered. Under the current situation, results
show that the total affected population due
to coastal inundation in Dakar could be be-
tween 1500 and 2000 people per year, out
of a population of 2.98 million®.

1500-2000

Affected
people
annually

By coastal flooding

Comparing the affected population
across climate change scenarios, the
number of people affected by coastal in-
undation in Dakar is expected to increase

Increase of 20% by
2050

80%in2100...

170%in 2100in the
worst scenario.

Figure 10. Expected annual affected population across the same four scenarios considered in the coastal inundation

assessment.
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by 20 % in 2050, and between 80% and
170% in 2100, depending on the severity
of future climate change.

4.2, Coastal flood risk and econo-
mic damages

Current expected annual economic
damage to buildings was obtained by su-
perimposing the calculated flooded areas
and the constructed stock information,
independently of the building types, that
is available through the UNISDR global ex-
posure dataset of the built environment.
Results suggest a total annual average
economic damage of approximately 3-4
million USD. This calculation is based on
the baseline coastal risk together with
the evaluation of extreme events, by
means of return periods.

3-4 Muso

stock

constructed
annuall
damage

by coastal flooding

AED

Comparing the economic damage
across climate change scenarios, an in-
crease of 30% is observed by 2050. By
the end of the century, expected damag-
es couldincrease between 80% and 180 %
depending on the sea-level rise scenario
and assuming no adaptation is undertak-
en(Figure 11).

Constructed assets — Annual Expected Damage Coastal flooding

x2,80

x1,80
x1,30

PRESENT

A—

Damaged stock (M$)
Return period Present 2050 RCP 4.5/8.5 2100RCP 4.5 2100 RCP 8.5
Medium SLR Medium SLR Medium SLR
25 40-45 58-62 79-83 120-124
50 45-50 60-64 81-85 122-126
100 46-51 61-65 83-87 125-129

T —

Figure 12. Damage (MS) for the baseline and future climate change scenarios under several return periods.

allow us to understand the magnitude,
frequency and trends of climate change
impacts. Moreover, these kinds of analy-
ses allow us to understand how damages
evolve as climate change becomes more
severe.

In this sense, results show that an
event with a 100-year return period under
the baseline is expected to occur more
frequently in the future, once every 25
years by the year 2050, with damages al-
most doubling by the year 2100.

Concluding remarks

Coastal flooding and erosion are se-
rious problems in many areas of Senegal,
including the region of Dakar and climate
change is expected to exacerbate this
risk. The results presented in this report
should be considered as conservative
estimates. If other aspects are taken
into account, such as population growth,
economic growth in the region and future
urban developments, then the overall af-
fected population and level of economic
damage can be expected to be much

Increase 30% in
20

del 80%in 2100...

del 180% in 2100 in
the worst scenario.

Figure 11. Annual expected economic damage (MS) for the baseline and future climate change scenarios.

Itisimportant to note that using glob-
al databases for population and buildings
presents some limitations, particularly
with regards to the accuracy of the spe-
cific values. Nonetheless, they can pro-
vide relatively good approximations that

higher than these estimates suggest.
These results are a preliminary step
to support the design of flood risk man-
agement strategies. The development
and application of potential adaptation
strategies, pathways and measures are

key factors that has the potential to mod-
ify the trends presented in this report.
By understanding the impacts, reducing
exposure and vulnerability, we are able
to reduce the risk. While adaptation can-
not reduce the severity of a storm, it has
the ability to diminish its consequences,
reducing the number of affected people
and the economic damage. Developing
adequate adaptation strategies will en-
tail compromise among all stakeholders:
citizens, local regional and national gov-
ernments, public and private sectors, etc.

The methodology and results pre-
sented here are replicable in other Afri-
can cities and scalable to other levels of
government.
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