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Future socioeconomic development along the West
African coast forms a larger hazard than sea level
rise

Olusegun A. Dada 1284 Rafael Almar® '™, Pierre Morand3, Erwin W. J. Bergsma4, Donatus B. Angnuureng5 &
Philip S. J. Minderhoud® ©7

Sea level rise will exacerbate the vulnerability of low-lying coastal regions around the world in
the coming decades, posing a severe threat to coastal populations. Here, we assess the future
population and asset exposure of West Africa (WA) to normal and extreme coastal flooding
based on the projected sea level rise scenarios reported in the IPCC Sixth Assessment Report
using a bathtub modeling approach, MERIT DEM and gridded population gross domestic
product datasets that are consistent with the Shared Socioeconomic Pathways. We find that
socioeconomic development will be responsible for the maximum increase in future coastal
flooding along the WA coast towards the end of the century. While contributions from
climate-induced sea level rise will dominate and be responsible for changes in coastal
flooding events in some countries, exposure to these events is likely to dominate in many
countries if the ongoing horizontal infrastructural development and economic-oriented
transformation continue. These results have important implications for both sustainable
coastal planning and flooding risk mitigation for WA's coastal areas and should be considered
as a cautionary tale for managing increasing socioeconomic development and coastward
migration at the expense of the region’'s coastal ecosystems.
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exacerbate the vulnerability of many low-lying, densely

populated coastal regions of the world, and will highly likely
become a major threat to human existence!2. Global damage
costs from floods and storms have been trending steadily upward
in the 21st century®. This increased economic loss is caused
mainly by socioeconomic change and changing climate patterns
in areas of higher hazard3.

According to?, the difference of 11 cm (between a median global
sea level rise for a temperature rise of 1.5° and 2° C) global sea level
rise in 2100 could result in additional global annual flood costs and
losses of US$ 1.4 trillion per year (which is about 0.25% of global
GDP) if no additional adaptation is implemented. It further stated
that if warming is not kept below 2 °C under RCP8.5, the global
annual flood costs without additional adaptation could increase to
US$ 14 trillion per year and USS$ 27 trillion per year for median and
95th percentile global SLR of 86 and 180 cm, respectively, reaching
2.8% of global GDP in 2100% The risks and impacts of SLR and
flooding will be disproportionately borne by poor people, espe-
cially those from poor and developing countries such as those
found in Africa.

Besides, the impacts of SLR may be worsened by land
subsidence®’, which may further increase the effective or relative
SLR. More than half (51-70%) of present-day relative SLR experi-
enced by human populations is caused by subsidence®, and pre-
dominantly (>70%) caused by anthropogenic actions that create or
enhance coastal subsidence®. As such, human activities, intrinsically
tied to socioeconomic developments in coastal zones, will further
exacerbate relative SLR and coastal flood risk.

On the global scale, coastal water flooding and sea level are
bound to increase with potentially severe consequences for coastal
populations!0. West Africa (W.A; Fig. 1) coastal countries,
comprising Mauritania, Senegal, Gambia, Guinea Bissau, Guinea,
Sierra Leone, Liberia, Cote d’Ivoire, Ghana, Togo, Benin, and
Nigeria, are threatened by sea level rise and coastal flooding.
Thus, being very low-lying areas where coastal areas (i.e., the land
below 10 m elevation) host about one-third of the total popula-
tion and generate 56% of its GDPs!l, coastal flood hazard is
expected to increase!2.

Besides, SLR may be worsened by the region’s low capacity to act
in response to such challenges!'3. The fast-growing population,

I t is certain that in the coming decades, sea level rise (SLR) will

coast-ward migration, urbanization, and unrestrained and unre-
gulated socioeconomic development are increasingly exposing
people and assets to SLR!3, while potentially also creating human-
induced subsidence as witnessed elsewhere!. For instance, rising
sea levels and coastal flooding has forced people to abandon public
infrastructure and homes in Saint-Louis, a city in northern Senegal
near the mouth of the Senegal River!. As a result, freshwater and
wetland fisheries and agricultural production have been radically
altered by saltwater intrusion in the region!®. As most parts of the
WA coastal zone consists of low-lying areas that experience rapid
population growth and intense economic development, under-
standing future SLR and coastal flooding (both normal and
extreme) events are critical in informing and formulating policy
directions. Such an investigation will help identify regional “hot
spots” where a more detailed study is required.

Here, following earlier studies, e.g. refs. 17-21, we determine the
populations and the value of assets that would be exposed to
coastal water levels (CWLs) in the absence of coastal defenses and
protection along the West African coastlines. We estimate the
normal (i.e., median values) and extreme (98th percentile) CWLs
from the contributions of different components of sea levels using
Eq. (1) at every 50 km (at 244 locations) along the West African
coast (“Methods” section):

CWL ;) = Ty + Wsepy) + Sy + SLA,;) ey

where tide T is tide, Ws is wave setup, S is storm surge due to
atmospheric pressure and winds, SLA is the regional sea level
anomaly, CWL; is coastal water level which is a function of time,
t at a study location, i (“Methods” section). The term extreme
coastal water level (hereafter referred to as ECWL) is used here to
denote the value of the CWL that has a return period of 100 years.
Aside from the fact that the selection of locations is based on the
even distribution and the availability of data at the selected loca-
tions, it is also based on the socio-economic or environmental
relevance of the locations, such as coastal cities.

To obtain future projections, the normal and extreme estimates
of CWL are coupled with four (4) of the five IPCC 6th Assess-
ment Report Sea Level Projections Shared Socioeconomic
Pathway-Representative Concentration Pathways (SSP-RCP)
scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios
(Methods). The resulting present and future projections of
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Fig. 1 West African coastal elevation (m). Coastal elevation below 5m is in red (Data source: “>MERIT DEM). Maps in Fig. 1 were generated using data
acquired from MERIT DEM (http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM/) in QGIS v.3.24.0 environment (https://www.qgis.org/).
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Fig. 2 West African coastal population density distribution in 2015 (person/km2). (Data source: '97CIESIN). Maps in Fig. 2 were generated using data
acquired from CIESIN (https://sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-revil) in QGIS v.3.24.0 environment (https://www.qgis.org/).
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Fig. 3 Regional distribution of historical coastal water levels. Historical (averaged 1993-2015) coastal water levels (CWLs) for a median/normal coastal
water levels (NCWL); and b 98th percentile/extreme coastal water levels (ECWL). (The map images used in producing these figures were generated using
the Google Satellite Hybrid plugin in QGIS v.3.24.0 environment, https://www.qgis.org/).

normal and extreme coastal water levels (hereafter referred to as
the NCWL and ECWL, respectively) are then combined with
global topographic data to assess the potential population and
assets affected by coastal flooding along the West African coast-
line in 2015-, 2050-, and 2100-time steps (Methods). The dis-
tribution of normal and extreme coastal floodings (hereafter
referred to as the NCWF and ECWEF, respectively) is then used to
determine the hotspots of coastal water flooding (hereafter
referred to as CWF), where an increase in flooding at the country
level is projected at the end of the century. Finally, we estimate
the total population and value of exposed assets at risk at present/
baseline (2015) and future (2050 and 2100-time steps) (“Meth-
ods” section).

Results and discussion

Results

Coastal water level projections using mean 1993-2015 as the
baseline. The mean NCWL and ECWL along WAC are projected
from 0.83 and 1.97 m between 1993 and 2015 (Fig. 3) to 1.05 and
2.25 m (under both SSP1-2.6 and SSP2-4.5), and 1.07 and 2.28 m

(under SSP3-7.0), and 1.08 and 2.28 m (under SSP5-8.5) in 2050,
respectively (Supplementary Fig. 1). Further, the mean NCWL
and ECWL are projected to accelerate during the present century
under these scenarios, reaching 1.31 and 2.62 m (under SSP1-2.6),
and 1.32 and 2.73m (under SSP2-4.5), and 1.56 and 2.95m
(under SSP3-7.0) and 2.62 and 3.17 m (under SSP5-8.5), respec-
tively by the year 2100 (Fig. 4).

Under different scenarios, country average values in 2015 for
NCWL and ECWL vary from a maximum of 1.18 and 2.17m in
Ghana to a maximum of 2.4 and 3.5 m in Nigeria under SSP5-8.5 in
2100 (Fig. 4d, h). Apart from Nigeria, other countries with events
above the WAC mean CWL in 2100 under SSP5-8.5 are Benin
(2.92 and 3.25 m), Ghana (2.91 to 3.42 m), Liberia (2.61 and 3.2 m),
and Guinea Bissau (2.86 and 3.16 m) (Fig. 4d, h).

Exposed population and assets to coastal flooding. Fig. 5 shows the
exposed population and assets to CWF for the present (2015) and
future (2050 and 2100) under different climate change scenarios.
For instance, the WA population that is potentially exposed to
coastal flooding events (NCWF-ECWF) increased from 0.7 to 1.1
million in 2015 to 6-10.3 million people under SSP1-2.6, 7-14.4
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Fig. 4 Regional distribution of projected coastal water levels. Projected (2100) coastal water levels (CWLs) for a-d 50th percentile/ normal coastal

water levels (NCWL) under SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively; and e-h ogth percentile/ extreme coastal water levels (ECWL) under
SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively. CWLs are estimated every ~50 km along the West African coastline according to”8. (The map
images used in producing these figures were generated using the Google Satellite Hybrid plugin in QGIS v.3.24.0 environment, https://www.qgis.org/).
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Fig. 5 Exposed population and assets to the present and future coastal floodings. The a exposed WA population; and b exposed WA assets to CWF
caused by sea level rise, socioeconomic development change, and their combined effect under various climate change scenarios in 2050 and 2100.

million people under SSP2-4.5, 9.2-18.1 million people under
SSP3-7.0, and 6.6-13.2 million people under SSP5-8.5 (Fig. 5a).
This corresponds to a 9- to 16-fold increase in absolute exposed
population in 2100 across the considered scenarios compared to
2015. The exposed assets increased from US$7.8-11.5 billion in
2015 to US$464-580 billion under SSP1-2.6, US$303-620 billion
under SSP2-4.5, US$153-302 billion under SSP3-7.0 and US$593-
655 billion under SSP5-8.5 (Fig. 5b). This corresponds to a 100-
to 300-fold increase in absolute exposed assets in 2100 across the
considered scenarios compared to 2015. Our results underscore
the high vulnerability of the WA population to sea level rise.

In terms of the percentage of the total exposed WA population to
exposed population per country and total exposed WA assets to
exposed assets per country in 2100, our results indicate that the
countries with the largest coastal population at risk of coastal
flooding in 2100 are Nigeria, Senegal, Cote d’Ivoire, Benin and
Ghana (Table 1). These five countries contain about 82 and 87% of
the population and assets exposed, respectively, to ECWL in the
entire WA under SSP5-8.5 in 2100. Nigeria is especially striking as
it holds more than 50% of the coastal population at risk (Table 1).
This can be attributed to the population concentration in the
region’s low-lying, densely populated coastal cities and deltas.

SLR-induced coastal flooding vs. socioeconomic-induced coastal
flooding. To evaluate the relative importance of socioeconomic
and sea level rise to the future risk of WA coastal areas, we
compared the impact of coastal flooding due to sea level rise
with that of the impact due to socioeconomic development.
As shown in Fig. 5, irrespective of the climate change scenario,

socioeconomic development will be the dominant factor of
exposure to the CWF events at the regional level. In contrast, it
varies at the country level (Fig. 6 and Tables 2, 3). For instance,
climate-induced SLR will be the dominant factor of exposure to
CWEF events in countries like Guinea Bissau, Mauritania, Guinea,
Cameroon, and Togo. In converse, socioeconomic will be the
dominant factor of exposure to the CWF events in countries such
as The Gambia, Benin, Senegal, Cote d’'Ivoire, Nigeria, Sierra
Leone, Liberia, and Ghana (Fig. 6 and Tables 2, 3).

Discussion

Our results. Our assessment of the exposed population and assets
enables us to evaluate the relative contribution of socioeconomic
development and SLR to the future CWF risk of WA coastal
areas. We found that more people will be exposed to the CWF
events under SSP3-7.0 and fewer events under SSP1-2.6, reflecting
the highest and lowest affected population, respectively, under
these scenarios (Fig. 5). Whereas the exposed assets to the CWF
events will have the lowest cost under SSP3-7.0 and the highest
under SSP5-8.5 (Fig. 5). These results are similar to the findings
of refs. 12223, For instance, the findings of ref. 22 show that while
the exposed population is highest under SSP3-7.0, the exposed
assets are lowest under this scenario.

Further, our results suggest that future CWF caused by
increasing socioeconomic development in the WA coastal zone
will dominate at the regional level. Albeit this will vary at the
country level (Fig. 6 and Tables 2, 3). For instance, climate-induced
SLR will be the dominant factor of exposure to CWF events in
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Table 1 The relative percentage of the present and projection for 2100 under SSP5-8.5.
Country % Exposed Rank % Exposed Rank Country % Exposed assets Rank % Exposed Rank
population per population per per country to population per
country to total country to total total exposed country to total
exposed WA exposed WA WA assets exposed
population population WA assets
(a) 2015 2100 (b) 2015 2100
Nigeria 55.3 1 57.3 1 Nigeria 32.2 1 69.4 1
Senegal 13 2 8.9 2 Senegal 14.8 4 4.7 2
Cote d'lvoire 1.8 9 6.5 3 Cote d'lvoire 215 2 4.6 3
Benin 7.7 3 58 4 Benin 53 5 4.2 4
Ghana 4. 6 35 5 Ghana 3 6 4.2 5
Cameroon 5.2 4 34 6 Cameroon 16.5 3 29 6
Mauritania 2 8 31 7 Gambia 0.8 10 2.7 7
Gambia 23 7 29 8 Guinea 24 7 21 8
Guinea 49 5 2.8 9 Mauritania 0.9 9 1.7 9
Sierra Leone 0.9 12 1.9 10 Sierra Leone 0.7 n 13 10
Liberia 0.3 13 1.8 n Liberia 0.2 13 11 n
Guinea Bissau 1.2 n 12 12 Guinea Bissau 0.4 12 0.8 12
Togo 13 10 0.8 13 Togo 13 8 0.4 13
(a) Total exposed WA population compared to the exposed population to ECWF at the country level. (b) Total exposed WA assets compared to the exposed assets to ECWF at the country level.

Exposed population vs. total population
per country in 2100 for the ECWF
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Fig. 6 Exposure (population and assets) to coastal floodings in different countries by 2100. The a exposed population, and b exposed assets at the
country level to CWF caused by both sea level rise and socioeconomic development change under various climate change scenarios in 2050 and 2100.

countries like Guinea Bissau, Mauritania, Guinea, Cameroon, and
Togo. In converse, socioeconomic development will lead to
increasing future CWF events in countries such as The Gambia,
Benin, Senegal, Cote d’Ivoire, Nigeria, Sierra Leone, Liberia, and
Ghana (Fig. 6 and Tables 2, 3). The results of the present study
should be regarded as a caution to regulate future coastal
developments effectively along the WA coastline.

According to our results, the countries with the largest coastal
population at risk of coastal flooding in 2100 are situated in the
Bight of Benin: Benin, Cote d’Ivoire, and Nigeria (Table 1). These
three countries contain about 73% of the average annual people
exposed to coastal flooding in WA under SSP5-8.5 in 2100 (Table 1).
As stated earlier, the Nigeria case is exclusively conspicuous as it
holds more than 50% of the coastal population at risk. Likewise, in
terms of exposed assets, irrespective of the scenario, Nigeria, Benin,
Cote d’Ivoire, and Ghana topped the list of coastal assets at risk of
coastal flooding in 2100, comprising 74.4% of the entire exposed
assets of the region (Table 1). Our results agree with the?4, which
state that the coastal countries of west and central Africa, like

Senegal, The Gambia, Sierra Leone, Nigeria, Cameroon, Gabon, and
Angola, have low-lying lagoonal shores that are endangered by sea
level rise, especially since the majority of these nations have fast-
growing coastal towns where most of the populations are poor
people residing in potentially hazardous areas!»?3-2>,

The future implications to WA coast. Earlier studies have shown
that flood risks could be driven by socioeconomic change, as the
number of people, assets, and value of economic activities increases
over time2%, In the absence of risk-mitigating measures, socio-
economic growth could result in the absolute damages from
flooding increasing by a factor of 20 by 2100%7. Climate change and
risky urbanization patterns are expected to further aggravate
the flooding risks before the end of the 215t century?8-31. Tt is
expected that an entire stretch of West Africa, between Abidjan and
the Niger Delta, will become a megacity before the middle of the
century. Future land subsidence owing to unsustainable extraction
of fluids such as gas, oil, and water will occur at locations with high
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Table 2 The relative percentage of the exposed population compared to the total population per country in 2100 for the ECWF.

Exposed population vs. total population per country in 2100 for the ECWF

Country SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 Dominant factor
SLR (%) SOC (%) SLR (%) SOC (%) SLR (%) SOC (%) SLR (%) SOC (%)
The Gambia 4.8 8.1 5.8 7.6 3.6 6.7 9.8 7.9 SOC
Guinea Bissau 1.8 1.8 2.7 2.1 2.2 2 5 1.8 SLR
Mauritania 1.1 2.1 24 24 1.8 2.6 4 2.1 SLR
Benin 1.5 2.6 2 2.5 1.8 2.6 2.7 2.6 SOC
Senegal 1.7 2.2 1.3 2.4 0.8 2.6 29 2.1 SOC
Cote d'lvoire 1 2 11 1.6 0.7 1.2 2.2 2.1 SOC
Nigeria 0.7 1.8 0.8 1.8 0.6 17 13 1.8 SOC
Sierra Leone 1 11 0.9 1 0.8 1 13 1 SOC
Guinea 1.4 0.3 1.6 0.3 1 0.3 33 0.3 SLR
Liberia 0.3 1.2 0.6 11 0.6 11 1 1.2 SOC
Cameroon 13 0.3 1.2 03 0.9 03 1.7 03 SLR
Ghana 0.3 0.6 0.4 0.6 03 0.6 0.6 0.7 SOC
Togo 0.4 0.3 0.8 0.3 0.6 03 11 0.3 SLR

Exposed assets to total GDP per country in 2100 for the ECWF

Table 3 The relative percentage of the exposed assets in 2100 to the total GDP per country in 2100 for the ECWF.

Country SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5 Dominant factor
SLR (%) SOC (%) SLR (%) SOC (%) SLR (%) SOC (%) SLR (%) SOC (%)
The Gambia 10 17 12.2 15.9 7.6 14 20.6 16.7 SOC
Guinea Bissau 3.8 3.8 57 4.4 4.6 4.2 10.6 39 SLR
Mauritania 2.3 4.5 5 4.2 3.8 4.7 8.4 4.8 SLR
Benin 3.1 5.4 4. 53 3.8 55 57 54 SOC
Senegal 3.6 4.6 2.8 5.1 1.6 55 6.1 45 SOC
Cote d'lvoire 3.1 43 41 3.3 3.8 25 5.7 4.5 SOC
Nigeria 1.5 3.7 17 3.8 13 3.5 2.7 3.8 SOC
Sierra Leone 2.1 2.2 1.9 2.2 1.6 2.2 2.8 2.2 SOC
Guinea 29 2.2 35 2.2 2 2.2 6.9 2.2 SLR
Liberia 0.7 25 1.3 2.4 1.2 2.2 2.1 2.4 SOC
Cameroon 2.7 0.5 2.5 0.6 1.9 0.6 3.6 0.6 SLR
Ghana 0.7 1.2 0.8 13 0.5 1.2 13 1.4 SOC
Togo 0.8 0.7 1.6 0.7 1.2 0.6 23 0.7 SLR

population pressure and economic activities3233 and increase
coastal flood risks at a rate four times faster than sea level rise®. This
suggests that although CWF caused by sea level rise will continue to
increase, land subsidence at the local level will dramatically
aggravate the problem?.

It is indubitable that the African continent will drive the future of
urbanization, and it is a strip along the coast of West Africa where
the biggest changes will happen. This is because most of the
economic activities that form the backbone of the national
economies of these coastal countries are situated in the coastal
zone>4, Considering the United Nations projection, Africa which
was less than one-tenth of the world’s population in 1950, will be
home to 3.9 billion people, or 40% of humanity by the century3>.
The rapid growth of WA’s coastal populations would place a new
demand for infrastructure, housing, and other physical structures,
and amenities before the end of the century. However, it remains
uncertain how the West African nations would manage urbaniza-
tion and socioeconomic development in the long term3436-38, At
present, coastal wetlands are considered in terms of their economic
worth rather than their environmental importance3®40. Govern-
ments allocate coastal wetlands to real estate developers and grant
permits to provide exclusive residential areas and use them to build
public infrastructure, bringing billions of internally generated
revenue to the government coffers*!#2. In some cases, most
developers build in the wetlands without acquiring government

building permits*>. Cities throughout the region have tended to
sprawl outwards, rather than upward3844,

The Cote d’Ivoire-Ghana-Togo-Benin-Nigeria section is fast
becoming the world’s most rapidly urbanizing region, a mega-
lopolis in the making45>46. As of 2022, Lagos-Nigeria, Abidjan in
Cote d'Ivoire, Douala in Cameroon, Dakar in Senegal, and Port-
Harcourt in Nigeria occupied the 16th, 77th, 119th, 149th, and
150th positions among the first 150 most populated cities in the
world (Fig. 7). It is expected that the coastline between the Cote
d’Ivoire-Ghana-Togo-Benin-Nigeria section will become a contin-
uous urban megalopolis before the middle of the 21st century#:47,
Lagos is where the most dramatic changes are evident. As a state in
Nigeria, Lagos is the African fourth-biggest economy and largest
city in Africa%® (Fig. 7). For instance, between 2002 and 2022 (in 2
decades), the population of Lagos, almost doubled, increasing from
7,875,000 to 15,388,000 (about a 95% increase: Fig. 7). Looking at
the United Nations projection, Lagos will be home to 24.5 million
people by 2035 and 40 million by 20503° (Fig. 7). But it may be
difficult to accommodate this population by 2050 because, with the
ongoing horizontal infrastructural development, every bit of
environmental sanctuary would have been ripped off before then.
By the end of the century, it is anticipated that the coastal length
between Abidjan and Lagos would contain somewhere about half a
billion people, making it the world’s largest continuous, densely
populated area.
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Historical and projected population of the most populated coastal
cities in Central and West Africa
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Fig. 7 The most populated coastal cities in West Africa. Historical and projected population of the first 5 most populated coastal cities in Central and

West Africa (Data source: "www.macrotrends.net).

As coastal West Africa’s urbanization continues to gather pace,
and populations and regional socioeconomic development surge
across countries’ borders, the region’s governments must set their
sights higher to address the sweeping demographic and social
changes in the WA coastal zone6:4849 This is because as shown
in our study, population pressures and increasing exploration and
exploitation of coastal resources will lead to coastal
degradation30. The Greater Accra Metropolitan Area, which
is the most urbanized area in Ghana, has witnessed the
destruction of its wetlands as a result of urban expansion and
development. This wetland degradation has been linked to the
perennial flooding in the metropolitan area*3. In Lagos, about
four decades ago, water supply was available in most residences.
But the story has since changed as pipe-borne water is no longer
available in those neighborhoods.

Today, Lagos residents have now gone into sinking boreholes in
individual houses®!=>4. This proliferation and continuous abstrac-
tion of groundwater via borehole sinking can lead to the depletion
of groundwater levels and eventually to land subsidence®>°. Land
subsidence has already been known to occur often in Lagos, with
estimates ranging from 2 to 87 mm/year, with the highest rates
found along the coast and where large structures are constructed on
landfills*” and land subsidence linked to an unprecedented collapse
of buildings®®. The rate of subsidence in Lagos is anticipated to
increase dramatically in the upcoming years due to continuous
indiscriminate groundwater exploitation, urbanization, and rapid
population growth, which may further exacerbate the flood rate
and other related geohazards®’.

As the coastal population grows human activities will increase,
putting more pressure on coastal ecosystems such as mangroves,
estuaries, deltas, and coral reefs that form the basis for important
economic activities such as tourism and fisheries®®-61. Further
exploration and exploration of other natural resources in the
coastal zone, especially over-exploitation of groundwater with-
drawal, oil and gas extraction, sand mining, and the construction
of flood barriers around rivers will result in the sinking of the
coastal 1and®2. The WA’s coastal cities are dealing with
interrelated issues, including sea level rise, rapidly expanding
populations, land pressure, and a lack of affordable housing®3-6°.
As populations are pushed further into the wetlands and
shorelines surrounding cities, they are increasing their vulner-
ability to floods and reducing the protection that these natural
ecosystems and barriers offer*3:66:67 Therefore, to mitigate the

effects of sea level rise, it will be necessary to simultaneously
address other causes of vulnerability (such as balancing between
high-end developments that displace residents and affordable
housing options).

Uncertainties/limitations of the study. The results obtained in
the present study are comparable to those of earlier research,
e.g.2>23, but there are some inherent uncertainties in the
methodology used, thus this should be seen as a first-order eva-
luation of the potential course of the adaptation commitment.
The flood risk assessment used here is subject to uncertainties
related to elevation data®®%?, inundation model’%-73, population
change’4-7%, and socio-economic developments”’.

Here, AW3D30 has been used to derive local coastal slopes (and
wave setup) while MERIT was used for regional topography (and
flooding maps). While AW3D30 has the potential for high
resolution and can capture fine-scale features’® necessary to derive
fine parameters such as coastal slope, it contains noise on a regional
level which makes its use for flooding maps less appropriate than
MERIT which noise has been reduced and regional biases reduced
by combining it with IceSat data. Indeed, uncertainties on the DEM
used here are large, and it is in the same order for every global DEM
available globally. This study highlights the current uncertainty
regarding flood risk to the coastal population due to the
provenance of DEMs. Therefore, this study is also a call for future
missions’*3 to better monitor coastal zones, in particular in Africa
that mostly miss ground surveys and count on satellite observations
for the coastal zone3081,

While high-resolution satellite-derived DEMs are possible with
submeter accuracy®283 with on-demand satellites such as Pleiades
(French Space Agency CNES/Airbus), they are limited to local to
regional scale. Global monitoring will be feasible with new
missions such as the French Space Agency (CNES)’s Constella-
tion Optique 3D (CO3D) for higher resolution DEM with a
revisit for temporal evolution, which is still out of reach. Indeed,
morphology can change within a single storm and such revisit is
key and progressively accessible with new techniques and
missions, in particular when considering the topography-
bathymetry continuum84-86, which is of paramount importance
when accounting for the complexity of waves’ contribution to sea
level at the coast’”:88. However, we use a widely validate DEM
already employed for such flooding exercises. And while it would
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be inaccurate locally to resolve the dune-beach system, due to its
necessary coarse resolution, the regional patterns are correct as
they are corrected with IceSat missions.

Our findings can be utilized as a first-order assessment by
decision-makers at the national and regional levels to focus on
and coordinate adaptation and development efforts. However,
because adaptation is implemented locally, decision-makers need
to employ the best finer-resolution data that are currently
available to assess the commitment to adaptation over time and
support reliable and adaptable decisions.

Conclusions

We have examined the distribution of projected coastal water
flooding impacts on the coastal population and assets following
temporal changes in sea level rise and socioeconomic develop-
ment on the West African coast. Under different climate change
scenarios, country-wise, the impact of future coastal flooding
induced by SLR will be a dominant factor on the coasts of some
WA countries. However, at the regional level, CWF events are
likely to be dominated by socioeconomic development, especially
if the conservation of the coastal environment is not put on the
front burner of the socioeconomic development and economic-
oriented transformation that is ongoing in the region.

Thus, to preserve future WA coastal areas, policy and decision
makers must develop and put into action a plan that includes
relocation, adapting current development to account for flood risk,
restricting developments in high-risk areas, and encouraging the
society to take steps that will lessen impacts of the likelihood of
rapid rises in coastal flooding over a longer peperiodFurther, the
rising socioeconomic development and coastward migration must
be regulated and managed sustainably. To mitigate future coastal
flooding risks, implementation of adaptation must start now.

Methods

Using the data and methods described below, we conducted an elevation-based
assessment of coastal inundation vulnerability for the West African coastline. The
empirical analysis we undertake in this study is based on combining information
from geospatial data from different sources. Geospatial data are analyzed in the
Quantum Geographic Information Systems (QGIS 3 v.26) environment.

Components of coastal water levels. Data on components of coastal water levels
(CWLs) are obtained from’® at every 50 km alongshore (at 244 locations) along the
West African coast, from Mauritania in the northwest down to Cameroon in the
southeast. Apart from the fact that the selection of locations is based on the even
distribution and the availability of data at the selected locations, in addition, is
based on the economic or environmental importance of the locations, such as
coastal cities. According to’$, altimetry-based sea-level time series anomalies (SLA
in Eq. (1), with reference to WGS84, are extracted at the closest points to the coast
from the gridded daily maps produced by the SSALTO/DUACS multi-mission®
and distributed by the Copernicus Marine Environment Monitoring Service®.
Atmospheric variables (surface winds, sea level pressure) and wave data (significant
wave height, Hs and peak wave period, Tp) are extracted from the ERA-interim
reanalysis®!, developed by the European Centre for Medium-Range Weather
Forecasts model (ECMWE), at 0.5° and 6 hourly temporal resolutions between
1993 and 2015. The ERA-interim reanalysis uses a coupled ocean wind-wave and
atmospheric model, which has been extensively validated®!-%3.

Storm surge (S in Eq. (1)) time series for the same period (1993 and 2015) are
extracted from the MOG2D-G barotropic model forced by ERA-interim surface
winds and atmospheric pressure with 6 hourly outputs. Astronomical tidal levels (T
in Eq. (1)) for the 1993-2015 period are obtained at an hourly resolution from the
global tide model FES30 at the closest points to the coast. Here, wave setup (R in
Eq. (1)) is determined using the®* approach, where R is given as a function of deep-
water significant wave height Hs, wavelength (Lo), and sub-aerial coastal slope (B)
using the dataset from’8. All the components feeding into Eq. (1) are ultimately
interpolated to an hourly resolution to account for the compound nature of
extreme coastal water levels. These CWL estimates have been thoroughly validated
against extensive global tide gauge data (for more details about data acquisitions
and procedures followed, see’®). CWLs are subsequently used as forcing for coastal
flood inundation estimates.

Coastal topographical data. This is from the multi-error-removed improved-
terrain (MERIT) digital elevation model, a 3-arcsecond global terrain dataset that is

the most accurate freely available global terrain dataset for flood modeling®®. It is
known as a global DEM that provides a good predictor of flood extent?®-%8. It has
been proven to resolve many errors in flat floodplains that are present in other
satellite-based terrain datasets®>. MERIT-DEM combines elevation data from
several sources (SRTM, ASTER, ICESat), which are then processed to remove
vegetation, stripe noise, random noise, and absolute biases.

To remove data at cells classified as urban in areas of low gradient, the DEM
is filtered using a global urban footprint dataset. The corrected elevations at
these locations are then interpolated from the remaining neighboring elevation
data. The original MERIT DEM has a resolution of 3 arc-seconds (~90 m at the
Equator). To be consistent with 1 km spatial resolution population/ GDP data
and for a computationally expensive inundation modeling of many SLR
increments and population changes, we use 30 arc-seconds (1 x 1 km at the
Equator)®. The datum for the estimates of median and extreme CWLs is the
mean sea level while the datum for the MERIT DEM is the geoid. To bring these
datasets to the same datum (i.e., mean sea level), we apply the mean dynamic
ocean topography (MDOT)!. Further, we use the high-resolution (~0.2 km)
coastline dataset of global self-consistent hierarchical high-resolution
geography (GSHHG) to define the West African coastline for calculations of
flooding extent.

Historical and projected sea level rise. Based on the linear assumption (1), an
historical time series of TSL(t) at each point for the period 1993-2015. To obtain
future projections for the end of the 21st century, we consider four scenarios of SLR
based on the IPCC 6th Assessment Report Sea Level Projections which incorpo-
rated the global land movement into its estimation. In addition, we use published
data from® and®2, respectively, for some locations (e.g., deltas and coastal cities)
that are known to be highly susceptible to subsidence.

Here, we consider SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively,
for low, intermediate, high, and very high in terms of future Greenhouse Gas
Emissions2%. The Shared Socio-economic Pathway (SSP) label in each scenario
gives information about the change in socioeconomics, including population,
and the RCPs (Representative Concentration Pathways) give the radiative
forcing scenario. These datasets are extracted for the 244 locations from the
National Aeronautics and Space Administration (NASA) Sea Level Projection
(https://sealevel.nasa.gov/). The IPCC projection of sea level for the study
locations is obtained at the closest points to these locations. The median and
extreme value estimates of CWL are coupled with these selected global
projections of RSLR. The resulting projected future median (normal) and
extreme CWLs are then used in conjunction with topographic data to assess the
potential extent of episodic coastal flooding along the West African coastline in
2050 and 2100.

Coastal inundation modeling. We assess coastal flooding based on a bathtub
method, following the same approach as!”. The bathtub inundation model posits
that a region with an elevation below the expected flood level will be inundated like
a “bathtub”. The elevation in each cell of a DEM is evaluated against an anticipated
sea level in a GIS context, and all cells with values lower than the predicted sea level
are regarded to be in floodplains’2.

Using static (bathtub) flood modeling technique , we estimate areas that are
hydraulically connected with the ocean for each averaged value of CWLs over the
entire coastline?? A flood-fill algorithm using 8 nearest neighbors determines grid
cells that are flooded at each estimated flood height!%1. The whole process is
repeated for each estimated flood height in three-time steps (2015, 2050, 2100).

We acknowledge that the bathtub model may have some limitations in its use
for flood risk assessment due to the vertical uncertainty of DEMs in the order of
meters, thereby underestimating the coastal flood risk, especially in low-lying
coastal zones”%71:102_ However, several studies have applied it to map coastal flood
inundations around the globe (e.g.!7-70:103-105) Moreover, the DEM we use here,
MERIT, is found to have a vertical error of not more than 2 m°%106,

99,100

Population and asset exposure. For determining the number of people exposed
to flooding for the 2015 baseline, we use the NASA Socioeconomic Data and
Applications Center (SEDAC) 1-km resolution GPWv4 Rev. 11 population counts
dataset!97 available at (https://sedac.ciesin.columbia.edu/data/set/gpw-v4-
population-count-revll). To calculate future flood exposure, we use the SEDAC’s
1-km resolution global population projection grids based on Shared Socioeconomic
Pathways (SSP) dataset!%8 for 2050 and 2100 (https://sedac.ciesin.columbia.edu/
data/set/popdynamics-1-km-downscaled-pop-base-year-projection-ssp-2000-
2100-rev01/data-download). To determine the value of assets potentially exposed
to flooding for both the present period (2015 baseline) and future projections (2050
and 2100) for the selected SSPs, we use the global gridded gross domestic product
(GDP) consistent with the Shared Socioeconomic Pathways (SSPs) recently
developed!?? and available at (https://zenodo.org/record/5880037#.Y2F-znrMLre).
These datasets are used to determine the potential population and assets’ exposure
to flooding!10. The year 2015 is considered as the reference year with consequent
time steps of 2050 and 2100. For each point in time, the potential exposure is
estimated for the considered return period and each grid cell under the baseline
and future climate conditions.
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Estimating the exposed population and assets. First-order estimates of popu-
lation exposure to CWL are estimated by combining the above data with the
population dataset. These datasets are used to calculate occupant coastal popula-
tion counts for areas vulnerable. To assess the relative contributions of climate-
induced SLR and socioeconomic drivers of CWF, the following cases are studied:
static climate combined with dynamic exposure, which expresses the change in
impacts from economic (GDP) growth and population dynamics; dynamic climate
(considering both the dynamic CWLs and climate extremes) combined with static
exposure, which expresses the impacts of future climate on present society;
dynamic climate and exposure, which expresses the impacts of future climate on
future WA coastal population.

The relative contributions of the climate-induced SLR and socioeconomic factors
to CWFs are quantified following!®. To determine the exposed asset to CWF, we
assume that the asset values are directly proportional to population per area. Thus,
the exposed population is translated into exposed assets by applying individual WA
countries’ GDP per capita rates to the population data, followed by applying an
estimated assets-to-GDP ratio of 2.1 that is considered appropriate for the countries
considered in this study (see Supplementary Methods and Supplementary Fig. 2 on
how assets-to-GDP ratio is derived), using the equation!”: A =2.1x P x G, where A
is the value of the asset exposure to coastal flooding (US$), P is the population (for
either constant or increasing population) and G is the Gross Domestic Product per
head of population (US$/head). Despite that this relationship has been successfully
applied in several studies (e.g. refs. 17107:110) there will be uncertainty since assets
cannot be evenly spaced amongst the population.

Data availability

The SSALTO/DUACS altimeter products were produced and distributed by the
Copernicus Marine Environment Monitoring Service (https://www.aviso.altimetry.fr/en/
data/products/sea-surface-height-products/global/ssalto/duacs-experimental-products.
html). Dynamical atmospheric corrections were acquired from AVISO and can be
accessed via https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/
dynamic-atmospheric-correction.html (https://doi.org/10.24400/527896/a01-2022.001).
FES2014 tidal data are produced by LEGOS and can be accessed via https://www.aviso.
altimetry.fr/en/data/products/auxiliary-products/global-tide-fes/description-fes2014.
html. Tide gauge data were downloaded from the University of Hawaii Sea Level Center
(https://uhslc.soest.hawaii.edu/data). ERA-Interim data were produced by the European
Centre for Medium-Range Weather Forecasts (https://www.ecmwf.int/en/forecasts/
datasets/reanalysis-datasets/era-interim). MERIT data were acquired from Institute of
Industrial Sciences, The University of Tokyo (http://hydro.iis.u-tokyo.ac.jp/~yamadai/
MERIT_DEMY/).

Received: 23 May 2022; Accepted: 17 April 2023;
Published online: 15 May 2023

References

1. Neumann, B., Vafeidis, A. T., Zimmermann, J. & Nicholls, R. J. Future coastal
population growth and exposure to sea level rise and coastal flooding - a global
assessment. PLoS ONE 10, e0118571 (2015).

2. Cazenave, A. & Cozannet, G. L. Sea level rise and its coastal impacts. Earth’s
Future 2, 15-34 (2014).

3. Hino, M. & Nance, E. Five ways to ensure flood-risk research helps the most
vulnerable. Nature 595, 27-29 (2021).

4. Jevrejeva, S. et al. Flood damage costs under the sea level rise with warming of
1.5°C and 2 °C. Environ. Res. Lett. 13, 074014 (2018).

5. Hallegatte, S. et al. From poverty to disaster and back: a review of the
literature. Econ. Dis. Clim. Change 4, 223-247 (2020).

6. Herrera-Garcia, G. et al. Mapping the global threat of land subsidence. Science
371, 34-36 (2021).

7. Shirzaei, M. et al. Measuring, modelling and projecting coastal land
subsidence. Nat. Rev. Earth Environ. 2, 40-58 (2020).

8. Nicholls, R. J,, Lincke, D. & Hinkel, J. A global analysis of subsidence, relative
sea-level change and coastal flood exposure. Nat. Clim. Change 11, 338-342
(2021).

9.  Bagheri-Gavkosh, M., Hosseini, S. M. & Ataie-Ashtiani, B. Land subsidence: a
global challenge. Sci. Total Environ. 778, 146193 (2021).

10. Arkema, K. et al. Coastal habitats shield people and property from sea-level
rise and storms. Nat. Clim. Change 3, 913-918 (2013).

11. Dada, O., Almar, R., Morand, P. & Menard, F. Towards West African coastal
social-ecosystems sustainability: interdisciplinary approaches. Ocean Coast.
Manag. 211, 105746 (2021).

12. Dada, O. A., Almar, R. & Oladapo, M. I. Recent coastal sea-level variations
and flooding events in the Nigerian Transgressive Mud coast of Gulf of
Guinea. J. African Earth Sci. 161, 103668 (2020).

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Nyadzi, E. et al. Taking stock of Climate Change induced Sea Level Rise across
the West African Coast. Environ. Claims J. 33, 77-90 (2021).

Minderhoud, P. S. J. et al. The relation between land use and subsidence in the
Vietnamese Mekong delta. Sci. Total Environ. 634, 715-726 (2018).

Cisse, C. O. et al. Extreme coastal water levels with potential flooding risk at
the low-lying Saint Louis historic city, Senegal (West Africa). Front. Mar. Sci.
9, 993644 (2022).

Mafaranga, H. Sea level rise may erode development in Africa. Eos https://doi.
0rg/10.1029/2020EO151568 (2020).

Kirezci, E. et al. Projections of global-scale extreme sea levels and
resulting episodic coastal flooding over the 21st Century. Sci. Rep. 10,
11629 (2021).

Melet, A., Meyssignac, B. & Almar, R. Under-estimated wave contribution to
coastal sea level rise. Nat. Clim. Change 8, 234-239 (2018).

Vousdoukas, M. I. et al. Climatic and socioeconomic controls of future coastal
flood risk in Europe. Nat. Clim. Change https://doi.org/10.1038/s41558-018-
0260-4 (2018).

Rueda, A. et al. A global classification of coastal flood hazard climates
associated with large-scale oceanographic forcing. Sci. Rep. 7, 5038 (2017).
Muis, S. et al. A comparison of two global datasets of extreme sea levels and
resulting flood exposure. Earth’s Future 5, 379-392 (2017).

Hinkel, J. et al. Coastal flood damage and adaptation costs under 21st Century
sea-level rise. Proc. Proc. Natl Acad. Sci. USA 111, 3292-3297 (2014).
Hinkel, J. et al. Sea-level rise impacts on Africa and the effects of mitigation
and adaptation: an application of DIVA. Reg. Environ. Change 12, 207-224
(2012).

IPCC. Climate Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. 33-144 (Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 2021).

Nicholls, R. J. & Lowe, J. A. Benefits of mitigation of climate change for coastal
areas. Glob. Environ. Change. 14, 229-244 (2004).

Wu, T. & Barrett, J. Coastal land use management methodologies under
pressure from climate change and population growth. Environ. Manag. 70,
827-839 (2022).

Rentschler, J., Salhab, M. & Jafino, B. A. Flood exposure and poverty in 188
countries. Nat. Commun. 13, 1-11 (2022).

Winsemius, H. et al. Global drivers of future river flood risk. Nat. Clim.
Chang. 6, 381-385 (2016).

Hirabayashi, Y. et al. Global flood risk under climate change. Nat. Clim.
Chang. 3, 816-821 (2013).

Tabari, H. Climate change impact on flood and extreme precipitation
increases with water availability. Sci. Rep. 10, 13768 (2020).

Ward, P. J. et al. A global framework for future costs and benefits of river-
flood protection in urban areas. Nat. Clim. Chang. 7, 642-646 (2017).
Shirzaei, M. et al. Measuring, modelling and projecting coastal land
subsidence. Nat. Rev. Earth Environ. 2, 40-58 (2020).

Minderhoud, P. S. J., Middelkoop, H., Erkens, G. & Stouthamer, E.
Groundwater extraction may drown mega-delta: projections of extraction-
induced subsidence and elevation of the Mekong delta for the 21st century.
Environ. Res. Commun. 2, 011005 (2020).

French, H. W. Megalopolis: How Coastal West Africa Will Shape The Coming
Century. https://www.theguardian.com/world/2022/oct/27/megalopolis-how-
coastal-west-africa-will-shape-the-coming-century (2022).

United Nations, Department of Economic and Social Affairs, Population
Division (2022). World Population Prospects 2022: Summary of Results. UN
DESA/POP/2022/TR/NO. 3 (Accessed on: 07 March). https://population.un.
org/wpp/ (2023).

Almar, R. et al. Coastal zone changes in west africa: challenges and
opportunities for satellite earth observations. Surv. Geophys. 44, 249-275
(2023).

OECD/UN ECA/AfDB. Africa’s Urbanisation Dynamics 2022: The Economic
Power of Africa’s Cities, West African Studies (OECD Publishing,2022).
https://doi.org/10.1787/3834ed5b-en (2022).

Walther, O. “Urbanisation and demography in North and West Africa, 1950-
2020”. West African Papers, No. 33 (OECD Publishing, 2021). https://doi.org/
10.1787/4fa52e9c-en.

Newton, A. et al. Anthropogenic, direct pressures on coastal wetlands. Front.
Ecol. Evol. https://doi.org/10.3389/fev0.2020.00144 (2020).

Akubia, E. J. Coastal urbanization and urban land-use change in the Greater
Accra Metropolitan Area, Ghana. Water-Power Working Paper, No. 10.
Governance and Sustainability Lab. (Trier University, 2016).

Olaniyi, W. A. The proposed Eko Atlantic City project, Victoria Island, Lagos:
Preliminary impact assessment of land reclamation on the aquatic lives and
climate change. Nig. J. Anim. Prod. 48, 194-200 (2021).

Ajibade, I. Can a future city enhance urban resilience and sustainability? A
political ecology analysis of Eko Atlantic city, Nigeria. Int. J. Disaster Risk
Reduct. 26, 85-92 (2017).

10 COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:150 | https://doi.org/10.1038/s43247-023-00807-4 | www.nature.com/commsenv


https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/ssalto/duacs-experimental-products.html
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/ssalto/duacs-experimental-products.html
https://www.aviso.altimetry.fr/en/data/products/sea-surface-height-products/global/ssalto/duacs-experimental-products.html
https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/dynamic-atmospheric-correction.html
https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/dynamic-atmospheric-correction.html
https://doi.org/10.24400/527896/a01-2022.001
https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes/description-fes2014.html
https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes/description-fes2014.html
https://www.aviso.altimetry.fr/en/data/products/auxiliary-products/global-tide-fes/description-fes2014.html
https://uhslc.soest.hawaii.edu/data
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM/
http://hydro.iis.u-tokyo.ac.jp/~yamadai/MERIT_DEM/
https://doi.org/10.1029/2020EO151568
https://doi.org/10.1029/2020EO151568
https://doi.org/10.1038/s41558-018-0260-4
https://doi.org/10.1038/s41558-018-0260-4
https://www.theguardian.com/world/2022/oct/27/megalopolis-how-coastal-west-africa-will-shape-the-coming-century
https://www.theguardian.com/world/2022/oct/27/megalopolis-how-coastal-west-africa-will-shape-the-coming-century
https://population.un.org/wpp/
https://population.un.org/wpp/
https://doi.org/10.1787/3834ed5b-en
https://doi.org/10.1787/4fa52e9c-en
https://doi.org/10.1787/4fa52e9c-en
https://doi.org/10.3389/fevo.2020.00144
www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00807-4

ARTICLE

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Asomani-Boateng, R. Urban wetland planning and management in Ghana: a
disappointing implementation. Wetlands 39, 251-261 (2019).

Zoma, V. & Sawadogo, Y. Main characteristics of African cities. Quest J. Res.
Humanit. Soc. Sci. 10, 11-17 (2022).

Moriconi-Ebrard, F. et al. Africapolis (English version): Urbanization study in
West Africa (1950-2020). (2008). HAL Open Science. fthalshs00368181.
African Strategies for Health (ASH). A Corridor Of Contrasts- On The Road
From Abidjan To Lagos, Urbanization Offers Risk And Opportunity, Hardship
And Hope. https://www.africanstrategies4health.org/uploads/1/3/5/3/13538666/
a_corridor_of_contrasts_final.pdf (Accessed on: March 07, 2023). (2015).
United Nations Human Settlements Programme (UN-HABITAT). The State of
African Cities 2010: Governance, Inequality and Urban Land Markets. p. 98 (2010).
Croitoru, L., Miranda, J. J., Sarraf, M. The Cost of Coastal Zone Degradation in
West Africa: Benin, Cote d’Ivoire, Senegal and Togo (World Bank, 2019).
Braimoh, A. K. & Takashi, O. “Spatial determinants of urban land use change
in Lagos, Nigeria.”. Land Use Policy 24, 502-515 (2007).

Aliyu, A. and Amadu, L. Urbanization, cities and health: the challenges to
Nigeria: A review. Wolters Kluvert/Medknow Publications. Ann. Afr. Med. 16,
149-158 (2017).

Healy, A. et al. Domestic groundwater abstraction in Lagos, Nigeria: a
disjuncture in the science-policy-practice interface? Environ. Res. Lett. 15,
45006 (2020).

Yusuf, M. A. & Abiye, T. A. “Risks of groundwater pollution in the coastal areas
of Lagos, southwestern Nigeria.”. Groundw. Sustain. Dev. 9, 100222 (2019).
Oiro, S. et al. Depletion of groundwater resources under rapid urbanisation in
Africa: recent and future trends in the Nairobi Aquifer System, Kenya.
Hydrogeol. ]. 28, 2635-2656 (2020).

Tijani, M. N. et al. Land-use changes and urbanization impacts on livelihood
and groundwater sustainability of coastal areas of Lagos, SW-Nigeria:
Integrated GIS-based, livelihood and hydrochemical assessments. J. Min. Geol.
54, 187-202 (2018).

Nguyen, M. et al. Assessment of long-term ground subsidence and
groundwater depletion in Hanoi, Vietnam. Eng. Geol. 299, 106555 (2022).
Holzer, T. L. & Johnson, A. I. Land subsidence caused by ground water
withdrawal in urban areas. GeoJournal 11, 245-255 (1985).

Ikuemonisan, F. E. & Ozebo, V. C. Characterisation and mapping of land
subsidence based on geodetic observations in Lagos, Nigeria. Geod. Geodyn.
11, 151-162 (2020).

Ohenhen, L. O. & Shirzaei, M. Land subsidence hazard and building collapse
risk in the coastal city of Lagos, West Africa. Earth’s Future 10,
€2022EF003219 (2022).

Adeleke, B. O. Human population growth as proximate cause of wetland
dynamics. Inter. J. Human Capital Urb. Manage. 2, 259-266 (2017).
Satterthwaite, D. The impact of urban development on risk in sub-Saharan
Africa’s cities with a focus on small and intermediate urban centres. Inter. J.
Disaster Risk Reduct. 26, 16-23 (2017).

Ajibola, M. O., Adewale, B. A. & Jjasan, K. C. Effects of urbanization on Lagos
Wetlands. Inter. J. Business Soc. Sci. 3, 310-318 (2012).

Wu, P.-C., Wei, M. M. & D’Hondt, S. Subsidence in Coastal Cities throughout
the world observed by InSAR. Geophys. Res. Lett. 49, €2022GL098477 (2022).
Africa Center for Strategic Studies (ACSS). Rising Sea Levels Besieging Africa’s
Booming Coastal Cities. 2022. https://africacenter.org/spotlight/rising-sea-
levels-besieging-africas-booming-coastal-cities-lagos-dakar-alexandria-
maputo-nile/ (Accessed on: 8 March) (2023).

Danso, G. K. et al. Exploring the effects of rapid urbanization on wetlands: insights
from the Greater Accra Metropolitan Area, Ghana. SN Soc. Sci. 1, 212 (2021).
Dodman, D., Leck, H., Rusca, M. & Colenbrander, S. African Urbanisation
and Urbanism: implications for risk accumulation and reduction. Int. J.
Disaster Risk Reduct. 26, 7-15 (2017).

Thompson, J. R. Africa’s Floodplains: a hydrological overview. In Schuyt, K.D.
Economic consequences of wetland degradation for local population in Africa.
Ecol. Econ. 53, 177-190 (2005).

The Guardian. Lagos is set to double in size in 15 years. Will it ‘spoil’? https://
www.theguardian.com/cities/2016/feb/22/lagos-population-double-size-how-
cope (Accessed 13 March) (2023).

Hooijer, A. & Vernimmen, R. Global LiDAR land elevation data reveal greatest
sea-level rise vulnerability in the tropics. Nat. Commun. 12, 3592 (2021).
Gesch D. B. Best practices for elevation-based assessments of sea level rise and
coastal flooding exposure. Front. Earth Sci. https://doi.org/10.3389/feart.2018.
00230 (2018).

Gallien, T. W. et al. Coastal flood modelling challenges in defended urban
backshores. Geosciences 8, 450 (2018).

Seenath, A., Wilson, M. & Miller, K. Hydrodynamic versus GIS modelling for
coastal flood vulnerability assessment: which is better for guiding coastal
management. Ocean Coast. Manag. 120, 99-109 (2016).

Yunus, A. P., Avtar, R. & Kraines, S. Uncertainties in tidally adjusted estimates
of sea level rise flooding (Bathtub Model) for the greater London. Remote Sens.
8, 366 (2016).

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Anderson, T. R. et al. Modeling multiple sea level rise stresses reveals up to
twice the land at risk compared to strictly passive flooding methods. Sci. Rep.
8, 14484 (2018).

Merkens, J. L., Reimann, L., Hinkel, J. & Vafeidis, A. T. Gridded population
projections for the coastal zone under the Shared Socioeconomic Pathways.
Glob. Planet. Change 145, 57-66 (2016).

Smith, A. et al. New estimates of flood exposure in developing countries using
high-resolution population data. Nat. Commun. 10, 1-7 (2019).

MacManus, K. et al. Estimating population and urban areas at risk of coastal
hazards, 1990-2015: how data choices matter. Earth Syst. Sci. Data 13,
5747-5801 (2021).

Hinkel, J. et al. Uncertainty and bias in global to regional scale assessments of
current and future coastal flood risk. Earth’s Future 9, e2020EF001882 (2021).
Almar, R. et al. A global analysis of extreme coastal water levels with
implications for potential coastal overtopping. Nat. Commun. 12, 3775 (2021).
Benveniste, J. et al. Requirements for a coastal hazards observing system.
Front. Mar. Sci. 6, 348 (2019).

Melet, A. et al. Earth observations for monitoring marine coastal hazards and
their drivers. Surv. Geophys. 41, 1489-1534 (2020).

Abessolo, G. O. et al. African coastal camera network efforts at monitoring
ocean, climate, and human impacts. Sci. Rep. 13, 1514 (2023).

Almeida, L. P. et al. Deriving high spatial-resolution coastal topography from
sub-meter satellite stereo imagery. Remote Sens. 11, 590 (2019).

Taveneau, A. et al. Observing and predicting coastal erosion at the

Langue de Barbarie sand spit around Saint Louis (Senegal, West Africa)
through satellite-derived digital elevation model and shoreline. Remote Sens.
13, 2454 (2021).

Salameh, E. et al. Monitoring beach topography and nearshore bathymetry
using spaceborne remote sensing: a review. Remote Sens. 11, 2212 (2019).
Bergsma, E. W. et al. Coastal morphology from space: a showcase of
monitoring the topography-bathymetry continuum. Remote Sens. Environ.
261, 112469 (2021).

Almar, R. et al. Coastal topo-bathymetry from a single-pass satellite video:
insights in space-videos for coastal monitoring at Duck Beach (NC, USA).
Remote Sens. 14, 1529 (2022).

Dodet, G. et al. The contribution of wind-generated waves to coastal sea-level
changes. Surv. Geophys. 40, 1563-1601 (2019).

Melet, A. et al. Contribution of wave setup to projected coastal sea level
changes. J. Geophys. Res. Oceans 125, €2020JC016078 (2020).

Pujol, M. L. et al. DUACS DT2014: the new multi-mission altimeter data set
reprocessed over 20 years. Ocean Sci. 12, 1067-1090 (2016).

Le Traon, P. Y. et al. From observation to information and users: the
Copernicus Marine Service perspective. Front. Mar. Sci. https://doi.org/10.
3389/fmars.2019.00234 (2019).

Dee, D. P. et al. The ERA-Interim reanalysis: configuration and
performance of the data assimilation system. Q. J. R. Meteorol. Soc. 137,
553-597 (2011).

Sterl, A. & Caires, S. Climatology, variability and extrema of ocean waves: the
web-based KNMI/ERA-40 wave atlas. Int. J. Climatol. 25, 963-977 (2005).
Caires, S., Swail, V. & Wang, X. Projection and analysis of extreme wave
climate. J. Clim. 19, 5581-5605 (2006).

Stockdon, H. F., Holman, R. A, Howd, P. A. & Sallenger, A. H. Empirical
parameterization of setup, swash, and runup. Coast. Eng. 53, 573-588 (2006).
Yamazaki, D. et al. A high accuracy map of global terrain elevations. Geophys.
Res. Lett. https://doi.org/10.1002/2017GL072874 (2017).

Haasnoot, M. et al. Long-term sea-level rise necessitates a commitment to
adaptation: A first order assessment. Clim. Risk Manag. 34, 100355 (2021).
McClean, F., Dawson, R. & Kilsby, C. Implications of using global digital
elevation models for flood risk analysis in cities. Water Resour. Res. 56,
€2020WR028241 (2020).

Hawker, L. et al. Implications of simulating global digital elevation models for
flood inundation studies. Water Resour. Res. 54, 7910-7928 (2018).

Breilh, J. F., Chaumillon, E., Bertin, X. & Gravelle, M. Assessment of static flood
modeling techniques: application to contrasting marshes flooded during Xynthia
(Western France). Nat. Hazards Earth Syst. Sci. 13, 1595-1612 (2013).
Poulter, B. & Halpin, P. N. Raster modelling of coastal flooding from sea level
rise, Inter. ]. Geogr. Inf. Sci. https://doi.org/10.1080/13658810701371858 (2007).
Prahl, B. et al. Damage and protection cost curves for coastal floods within the
600 largest European cities. Sci. Data 5, 180034 (2018).

Wang, S. et al. Quantitative attribution of climate effects on Hurricane
Harvey’s extreme rainfall in Texas. Environ. Res. Lett. 13, 054014 (2018).
Titus, J. G. & Richman, C. Maps of lands vulnerable to sea level rise: modeled
elevations along the US atlantic and gulf coasts. Clim. Res. 18, 205-228 (2001).
Strauss, B. H., Ziemlinski, R. & Weiss, J. L. Tidally adjusted estimates of
topographic vulnerability to sea level rise and flooding for the contiguous
United States. Environ. Res. Lett. 7, 014033 (2012).

Vaan de Sante, B., Lansen, J. & Claartje, H. Sensitivity of coastal flood risk
assessments to digital elevation models. Water 4, 568-579 (2012).

COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:150 | https://doi.org/10.1038/s43247-023-00807-4 | www.nature.com/commsenv 1


https://www.africanstrategies4health.org/uploads/1/3/5/3/13538666/a_corridor_of_contrasts_final.pdf
https://www.africanstrategies4health.org/uploads/1/3/5/3/13538666/a_corridor_of_contrasts_final.pdf
https://africacenter.org/spotlight/rising-sea-levels-besieging-africas-booming-coastal-cities-lagos-dakar-alexandria-maputo-nile/
https://africacenter.org/spotlight/rising-sea-levels-besieging-africas-booming-coastal-cities-lagos-dakar-alexandria-maputo-nile/
https://africacenter.org/spotlight/rising-sea-levels-besieging-africas-booming-coastal-cities-lagos-dakar-alexandria-maputo-nile/
https://www.theguardian.com/cities/2016/feb/22/lagos-population-double-size-how-cope
https://www.theguardian.com/cities/2016/feb/22/lagos-population-double-size-how-cope
https://www.theguardian.com/cities/2016/feb/22/lagos-population-double-size-how-cope
https://doi.org/10.3389/feart.2018.00230
https://doi.org/10.3389/feart.2018.00230
https://doi.org/10.3389/fmars.2019.00234
https://doi.org/10.3389/fmars.2019.00234
https://doi.org/10.1002/2017GL072874
https://doi.org/10.1080/13658810701371858
www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00807-4

106. Hawker, L., Neal, J. & Bates, P. Accuracy assessment of the TanDEMX 90
Digital Elevation Model for selected floodplain sites. Remote Sens. Environ.
232, 111319 (2019).

107. Center for International Earth Science Information Network - CIESIN -
Columbia University. Gridded Population of the World, Version 4 (GPWv4):
Population Count, Revision 11 (NASA Socioeconomic Data and Applications
Center (SEDAC), 2018).

108. Gao, J. Global 1-km Downscaled Population Base Year and Projection Grids
Based on the Shared Socioeconomic Pathways, Revision 01. (NASA
Socioeconomic Data and Applications Center (SEDAC), 2020) https://doi.org/
10.7927/q729-9r69.

109. Wang, T. & Sun, F. Gross domestic product (GDP) downscaling: a global
gridded dataset consistent with the Shared Socioeconomic Pathways [Data
set]. In Scientific Data 9 (221), 1-10. Zenodo https://doi.org/10.5281/zenodo.
5880037 (2022).

. Hallegatte, S., Green, C., Nicholls, R. J. & Corfee-Morlot, J. Future flood losses
in major coastal cities. Nat. Clim. Change 3, 802-806 (2013).

. Macrotrends.net. Largest Countries by Population. https://www.macrotrends.
net/countries/ranking/population (accessed on 13 March) (2023).

11

f=1

11

—

Acknowledgements

This study was carried out within the framework of the West Africa Coastal Area -
mapping Vulnerability, Adaptability, and Resilience in a changing climate (WACA-
VAR) project, sponsored by the OCEAN Department of the Institut de Recherche pour le
Développement (IRD) OAD is grateful to the leadership of the IRD OCEAN Department
for supporting his postdoctoral fellowship. The authors are grateful to the two anon-
ymous reviewers for their valuable contributions to the earlier draft of the manuscript.

Author contributions

O.A.D. conceived the study together with R.A;; R.A. and E.W.J.B. produced the coastal
water level datasets while O.A.D. produced the figures and drafted the manuscript. R.A.,
EWJ.B., P.M,, D.B.A,, and P.S.J.M. contributed to the discussions at different stages and
responses to reviewers’ comments.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/543247-023-00807-4.

Correspondence and requests for materials should be addressed to Olusegun A. Dada or
Rafael Almar.

Peer review information Communications Earth & Environment thanks Juliet Sefton
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Primary Handling Editors: Adam Switzer and Joe Aslin.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

12 COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:150 | https://doi.org/10.1038/s43247-023-00807-4 | www.nature.com/commsenv


https://doi.org/10.7927/q7z9-9r69
https://doi.org/10.7927/q7z9-9r69
https://doi.org/10.5281/zenodo.5880037
https://doi.org/10.5281/zenodo.5880037
https://www.macrotrends.net/countries/ranking/population
https://www.macrotrends.net/countries/ranking/population
https://doi.org/10.1038/s43247-023-00807-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv

	Future socioeconomic development along the West African coast forms a larger hazard than sea level rise
	Results and discussion
	Results
	Coastal water level projections using mean 1993–2015 as the baseline
	Exposed population and assets to coastal flooding
	SLR-induced coastal flooding vs. socioeconomic-induced coastal flooding

	Discussion
	Our results
	The future implications to WA coast
	Uncertainties/limitations of the study

	Conclusions
	Methods
	Components of coastal water levels
	Coastal topographical data
	Historical and projected sea level rise
	Coastal inundation modeling
	Population and asset exposure
	Estimating the exposed population and assets

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




