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Coastal areas are home to a myriad of essential services. However, population growth and climate change along
with their cascading impacts have had profound impacts on their topography and evolution. Consequently, many
coastal regions, of which Ghana’s coast is no exception, are incessantly plagued with hazards that are increasing
in magnitude and frequency. Predominantly through the recurrence of floods and erosion, Ghana’s coast is
becoming increasingly susceptible to huge socio-economic implications considering its environment-dependent
economy. Therefore, attempts have been made to assess Ghana’'s coastal vulnerability to comprehend the
complexities underpinning the occurrence of these hazards. However, most studies attribute the recurrence of
floods and erosion to global sea-level rise, but coastal land subsidence could also have significant impacts.
Indeed, land subsidence is a major component of relative sea-level rise (rSLR) in many coastal cities worldwide.
Drawing on extant literature, this scoping study provides an overview and evaluation of three thematic
areas—SLR, subsidence and coastal vulnerability—within the Ghanaian context along with their existing re-
lationships. Additionally, it seeks to also assess available knowledge and data and to identify crucial knowledge
gaps which impede comprehensive risk assessment of Ghana’s coast. The survey findings, however, indicate a
significant understudy of the selected thematic areas albeit posing potential threats to Ghana’s coast. It brought
to light the absence of a ground-validated subsidence study; a non-identification of potential local subsidence
drivers; a non-availability of a subsidence-infused coastal vulnerability assessment; non-existing studies on the
combined effects of climate change and subsidence; and huge deficits in available data for numerical modelling
of coastal subsidence. Guided by the identified knowledge and data gaps and the need to mitigate impacts, the
study recommends a thorough assessment of rSLR and vulnerability; a continuous and long-term monitoring
framework for rSLR and its drivers; a hybrid approach and review of coastal management strategies; and the
reinforcement of conservational laws and conventions to avert the increasing vulnerability of Ghana’s coast.
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1. Introduction

Coasts are dynamic systems, undergoing morphological changes at
various spatio-temporal scales in response to geomorphological and
oceanographical factors (Cowell et al., 2003; Nicholls et al., 2007).
Coastal areas are regions of essential value home to a myriad of services.
These services include enhanced transportation links, industrial and
urban growth, revenue from tourism or recreational activities, and food
production (Creel, 2003; Miller and Hadley, 2005). Coastal regions yield
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more than half of the global gross domestic product although consti-
tuting a mere 5% of the total landmass (Vorosmarty et al., 2009).
Consequently, little over half of the world’s major urban communities
are situated in coastal areas, and 40% of the global population lives
within 100 km of these zones (Nicholls et al., 2007; Durand et al., 2022).
Urbanization and coastal population patterns are, therefore, anticipated
to continue in the next years (Neumann et al., 2015). Chances are that
these numbers have surged based on global population growth rates of
0.9% as of 2021 (World Bank Group, 2022).

The combined repercussions of a growing population and economic
and/or technological advancement are threatening the sustainable use
of the services provided by coastal areas (Creel, 2003). Climate change
and several human interventions are major factors impacting the sus-
tainable usage of coastal areas, and their ecosystem services and land-
forms—due to their settings, elevations and proximities to the sea
(Danladi et al., 2017). In essence, coastal areas are increasingly having
their makeup features, functioning, existence and services being
threatened to points of complete collapse (Stouthamer and Asselen,
2015). Sea level rise (SLR)—a ripple effect of climate change-
—contributes enormously to the challenges facing coastal areas
(Oppenheimer et al., 2019). SLR and its effects on low-lying coastal
areas have gained the attention of scientists, governments, and man-
agers of coastal regions on a global scale (IPCC, 2013; Sahin and
Mohamed, 2014). Between 1901 and 1971, the average rate of sea level
rise was 1.3 mm/yr, increasing to 1.9 mm/yr between 1971 and 2006,
and accelerated to 3.7 mm/yr between 2006 and 2018 (IPCC, 2021). As
aresult, the global mean sea-level increased by 20 cm between 1901 and
2018 (IPCC, 2021). Current projections by 2100 range from 0.28 m to
1.01 m relative to 1995-2014, depending on the climate scenario
considered, but higher values cannot be ruled out given the deep un-
certainties on the future evolution of polar ice sheets (IPCC, 2021).

Sea level rise poses a hazard to coastal ecosystems, diminishes
ecological services, and may eventually result in significant socioeco-
nomic changes, particularly in low-lying coastal ecosystems that are
particularly sensitive (Carnero-Bravo et al., 2018). Although climate
change plays a significant role in increasing sea level (IPCC, 2021), it
may be locally amplified by coastal land subsidence (Fig. 1a) triggered
or enhanced by processes such as over-abstraction of groundwater
(Gambolati and Teatini, 2015; Minderhoud et al., 2018); loading of
compressible subsurface sediments (Chaussard et al., 2013); local and
basin tectonics (Higgins, 2016); isostasy (Fowler and Ng, 2021); natural
oxidation (Hooijer et al., 2012; Koster et al., 2018); sediment starvation
through damming and coastal infrastructure (Syvitski et al., 2009; Dai
et al., 2018). According to Ericson et al. (2006), a combination of both
eustatic sea-level change and subsidence is traditionally referred to as
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Fig. 1. Schematic illustration of (a) coastal subsidence and (b) flooding in
subsided coastal areas even with coastal defence (brown disks).

Quaternary Science Advances 12 (2023) 100108

relative sea-level rise (rSLR).

Unlike climate change and its cascading impacts, little is known,
however, about the full spatial variability of subsidence, its processes,
drivers and rates—especially within an African context—despite its vast
impact on regional landscapes and livelihoods. Some coastal areas are
being confronted with the far more immediate threat of subsidence. The
current rate of global mean sea-level rise (3.7 mm/yr over the period
2006-2018) is dwarfed by subsidence rates in some coastal areas as high
as averages of 1.6 cm/yr (Erban et al., 2014) and >2.5 cm/yr (Mind-
erhoud et al., 2017) within the Mekong delta; >3 cm/yr in Tianjin and
Semarang (Wu et al., 2022); and 9.5 cm/year to 21.5 cm/year in Jakarta
(Chaussard et al., 2013). Subsidence is, therefore, outpacing SLR and
exacerbating prevalent coastal hazards and devastating impacts of
climate change (Brown and Nicholls, 2015; Johnston et al., 2021;
Restrepo-Angel et al., 2021). The impacts of subsidence are, however,
similar to that of SLR (Syvitski et al., 2009) and in most cases reinforce
each other (Brown and Nicholls, 2015). Land subsidence magnifies local
relative sea level change (Teatini et al., 2012; Ciro Aucelli et al., 2017;
Tessler et al., 2018) and increases the likelihood of environmental
concerns such as floods (Fig. 1b), erosion, wetland and biodiversity loss,
degradation of fishing grounds, loss of infrastructure and buildings, loss
of arable land, saline water intrusion, freshwater scarcity, and rapid
shoreline retreat (Nicholls et al., 2007; Wang et al., 2012; Oppenheimer
et al., 2019).

Land subsidence increases the risk of flooding from the major rivers
and extends the coastal regions susceptible to storm surges and tidal
inundation, especially when combined with sea level rise, severe rains
(such as the monsoon), or storms (Chaussard et al., 2013; Abidin et al.,
2015; Irawan et al., 2021). The most vulnerable will be populations
inhabiting low-lying coastal zones (Wang et al., 2018; Edmonds et al.,
2020). Currently, Durand et al. (2022) peg the global population living
in flood-prone areas in coastal zones at 300 million. As global SLR will
continue for centuries, the physical and social impacts on flood-prone
areas are anticipated to get worse (Cannon et al., 2020). Countries
with both low-lying coastal zones and environment-dependent econo-
mies will face far more challenging impacts (Cian et al., 2019; Edmonds
et al,, 2020). The sub-Saharan African coast—all of Africa except
Northern Africa; includes the Sudan—which has 148,000 km? of
low-elevation coastal zone and is inhabited by a population of almost 50
million (Neumann et al., 2015) along with poverty and rapid urban
growth (Cian et al., 2019), will be severely impacted.

The geomorphological and coastal settings at local levels, determine
the variance in responses to coastal hazards (Romine et al., 2016) hence
requiring the adoption of bottom-up approaches that are locality-based.
Along Ghana’s coast, several studies have, however, mostly attributed
findings on coastal hazards to climate change (Wiafe et al., 2013; Jay-
son-Quashigah, et al., 2013; Angnuureng et al., 2013; Tessler et al.,
2015). Ghana’s coast has incessantly been plagued with several coastal
hazards that have altered its biophysical and socio-economic setting
ranging from shoreline morphological change (Jayson-Quashigah et al.,
2019), flooding (Fagotto, 2016; Appeaning Addo et al., 2018), loss of
wetlands and aquatic ecosystems (Larbi et al., 2018) amongst a host of
other consequential impacts that are increasing the vulnerability of the
coast and impacting the socio-economic livelihoods of the populations
therein (Yidana et al., 2010).

Over several years, numerous efforts have been undertaken to
develop methods and policies for assessing the vulnerability of coastal
regions to climate change and other associated factors (Rygel et al.,
2006; Torresan et al., 2012; Appeaning Addo, 2014; Wolters and
Kuenzer, 2015; Wu et al., 2016). Understanding vulnerability aids
coastal scientists and policy-makers foresee the effects that a coastal
hazard might have in a coastal zone (Klein and Nicholls, 1999; Hus-
nayaen et al., 2018). To assess the level of Ghana’s coastal vulnerability,
efforts have been made to identify and evaluate the local drivers of
coastal hazards. They include upstream catchment management (Boat-
eng et al, 2012), sea level rise (Sagoe-Addy and Appeaning Addo,
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2013), energetic swell waves (Almar et al., 2015), coastal erosion and its
management (Appeaning Addo, 2015), groundwater extraction and
population change (Armah et al., 2005).

The aforementioned factors driving change in Ghana’s coast have
been extensively investigated except for land subsidence and its
contribution to the overall vulnerability of Ghana’s coast. This scoping
study, therefore, seeks to provide an overview and evaluation of relative
sea-level rise and the vulnerability of Ghana’s coast. Additionally, it
seeks to also assess available knowledge and data and to identify crucial
knowledge gaps which impede proper coastal risk assessment of Ghana’s
coast.

2. Study area

The coast of Ghana lies along the Gulf of Guinea in West Africa
(Fig. 2), with its southernmost point at about 4°44’ N. The coastline is
about 550 km long and extends from 6°06° N and 1°12’ E in the east
where it is bordered by the Republic of Togo, to 5°05’ N and 3°06° W in
the west, where it is bordered by Cote D’Ivoire (Wiafe et al., 2013). It is
generally a low-lying area, not more than 30 m above sea level, and has a
narrow continental shelf extending outward to between 20 and 35 km
except off Takoradi where it reaches up to 90 km (Armah and Amlalo,
1998).

The coastline lies along an Afro-trailing edge-type continental
margin (Inman and Nordstrom, 1971) with over 90 coastal lagoons
(Armah and Amlalo, 1998). Most of these are very small, less than 5 km?
in surface area. The largest is the Keta Lagoon and with its associated
lagoons namely, Angaw and Avu, cover a surface area of 702 km?
(Armah, 1993). Ghana’s coastal zone accounts for around 6.5% of the
country’s geographical area but contains 25% (Amlalo, 2006) (4.7
million) of the people based on the 2000 population census. However,
the coastal population in the four coastal regions has increased based on
data from the Ghana Statistical Service; 38% (9.3 million) of the Gha-
naian population occupied the four coastal regions in the 2010 Popu-
lation and Housing Census and made up 39.1% (12 million) of the
population in the 2021 Population and Housing Census. The coastal
zone houses around 80% of Ghana’s industrial firms (Amlalo, 2006).

Previous studies by Ly (1980) divided the coastline into three zones
based on geomorphic characterization (Fig. 3): the west coast made of
flat and wide sandy beaches backed by coastal lagoons, mangrove for-
ests, and depressional wetlands; the central coast stretching from Cape
Three Points to Prampram and exhibiting alternations between rocky
and sandy shores, with rocky headlands, bays and littoral sand barriers
enclosing coastal lagoons; and the east coast from Prampram to the
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Fig. 2. The coastline of Ghana on the West African coast and the Gulf of Guinea
(After Evadzi et al., 2017).
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border with Togo, which is dominated by sandy beaches.

The coast is serrated by beaches and lagoons with rocky headlands
and sandbars located between Cape Three Points and Tema (Ly, 1980)
and bordered by the Atlantic Ocean/Gulf of Guinea. The coastal zone
extends approximately 10 km inland and is enclosed by the 30 m
elevation contour (Armah and Amlalo, 1998; Boateng, 2012) as shown
in Fig. 3. The gulf is characterized by varying annual patterns of coastal
upwelling and by an eastward-flowing current otherwise known as the
Guinea Current as shown in Fig. 3 (Armah and Amlalo, 1998). A small
westward-flowing counter-current lies beneath the Guinea Current at
about 40 m depth and appears to turn to the southwest near the sea
bottom (Longhurst, 1962).

The climate is tropical with a warm eastern belt and comparatively
dry central belt and a wet southwestern corner which is hot and humid
(EPA, 2004). The tide is regular and semi-diurnal, but the average range
varies along the coast from 0.58 m at neap tide (Takoradi) to 1.32 m
during Spring tide at Aflao (Wiafe et al., 2013). The tidal currents are
low and generally have a small influence on coastal processes and
morphological changes, except within tidal inlets (AESC, 1997). The
significant height of waves generally lies between 0.9 and 1.4 but rarely
attains 2.5 m or more (Wiafe et al., 2013). The most common amplitude
of waves in the region is about 1.0 m but annual significant swells could
reach 3.3 m in some instances (Wiafe et al., 2013).

Generally, there are six major types of coastal ecosystems along the
coast: the sandy shore; the rocky shore; the coastal lagoon; the mangrove
or tidal forest; the estuarine wetland; and the depression wetland. Semi-
deciduous and wet ever-green secondary tropical forests are found
predominantly on the Western coast (Armah and Amlalo, 1998) as
shown by the Land Use/Land Cover map (LULC)—modified from FAO
(2022)—in Fig. 4. Fringe forests are also found near the Ehunli and
Akpuhu lagoons and the Kpani-Nyile, and the Cape Three Point Forest
Reserve (Wiafe et al., 2013). The Central Coast, especially along the
coast of Accra, is the most built-up area while the Eastern Coast is
dominated largely by rainfed croplands and coastal savanna (grassland).
The dominance of Cropland along the Eastern coast is corroborated by
the economic activity report of the Population and Housing Census by
the Ghana Statistical Service (2021) which pegs Agriculture, forestry
and fishing activities at 33.17% of the working population in the Volta
region—the highest economic activity at the easternmost coast.

Land uses along Ghana’s coast include the increasing operation of
Salt Pans for salt production along the Eastern coast, with instances of
underground water extraction due to its higher brine concentration
when compared to seawater (Atta-Quayson, 2018). The years between
2011 and 2013 saw the granting of over 20,000 acres of concession to
three large-scale companies for the mining of salt around the Keta
lagoon alone—a number which has increased to about six (6) companies
in the Keta Municipal and Ketu South District alone (Atta-Quayson,
2018). In the Ada-Songor enclave as well, concessions have recently
been sold to Electrochem Ghana Limited to expand operations and in-
crease salt production (Lartey, 2022).

Other reported uses include beach sand mining which has led to
coastal erosion (Mensah, 1997; Boateng, 2006, 2012; Appeaning Addo
et al., 2008; Oteng-Ababio et al., 2011; Jonah et al., 2015); upstream
river management and damming (hydroelectricity) which leads to a
reduction in river flow and coastal sediment replenishment (Jonah et al.,
2016). Additionally, groundwater abstraction from aquifers has drawn
great attention in coastal areas such as the Keta Basin (Jorgensen and
Banoeng-Yakubo, 2001; Helstrup et al., 2007). Over the past many
years, almost all towns in the basin have relied on groundwater from
perched shallow aquifers to supply both household and agricultural
demands (Yidana et al., 2010). The Keta area’s typical vegetable pro-
duction systems include shallots, peppers, okra, tomatoes, and carrots,
which are cultivated all year round and are irrigated with groundwater
from small wells (Awadzi et al., 2008).
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Fig. 4. A 100 m resolution land cover map of Ghana’s coastal area.

3. An overview of subsidence, SLR and vulnerability
assessments along Ghana’s coast

3.1. Identification and selection of relevant studies

A desktop survey was conducted to access and peruse literature on
the thematic areas of the scoping review. Various combinations of the
keywords “land subsidence”, “sea level rise” and “coastal vulnerability”
were used to filter the search for relevant articles in online databases.
The online databases adopted were Google Scholar, JSTOR, Directory of
Open Access Journals (DOAJ), Scopus or Science Direct, general search
in Google Web Search and some local book sources. To further filter the
outcomes of the online search, the keyword “Ghana” was used along
with the thematic areas to set geographic limits for the online search.
Additionally, the “related articles” option in some databases and

relevant references of selected articles were used to search for more
literature. The last online survey was conducted on December 15, 2022.
A total of hundred and five (105) records comprised of articles, books
and online data sources were used for this study. Out of these records,
only eleven (11) sources carried out assessments on the thematic areas
along the coast of Ghana.

The results of the survey indicated a general limitation in the number
of studies carried out on the thematic areas. Albeit posing potential
coastal hazards to Ghana’s coast, coastal subsidence and SLR are
significantly understudied. A total of two (2) articles on land subsidence
measurement in Ghana (Cian et al., 2019; Wu et al., 2022); three (3)
articles on sea level rise estimation in Ghana (Sagoe-Addy and
Appeaning Addo, 2013; Evadzi et al., 2017; Boateng et al., 2017) as well
as a website estimate (NOAA, 2013); and four (4) articles on coastal
vulnerability (Appeaning Addo, 2014; Boateng et al., 2017; Yankson
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et al., 2017; Babanawo et al., 2022) were all obtained and reviewed. In
combining the keywords, a total of two (2) articles (Appeaning Addo,
2014; Boateng et al., 2017) run through the search combinations of
“coastal vulnerability and SLR”; “coastal vulnerability and land subsi-
dence”; and “coastal vulnerability and SLR and land subsidence”. Only
one (1) article (Ericson et al., 2006) was obtained for “land subsidence
and SLR” as shown in Fig. 5.

3.2. Land subsidence assessments along Ghana’s coast

Land subsidence, its detection, drivers and measurement are rela-
tively grey research areas in Ghana. Although mentioned in some
studies, not much research has been carried out on subsidence and its
relation to the increasing trend in Ghana’s coastal vulnerability. How-
ever, the review of available literature identified only two (2) articles on
land subsidence measurement in Ghana—Cian et al. (2019) and Wu
et al. (2022)—with both studies focusing on Ghana’s capital, Accra. Cian
et al. (2019) and Wu et al. (2022) both employed the use of the Inter-
ferometric Synthetic Aperture Radar (InSAR) technique. By utilizing
multiple orbits of the satellite, the InSAR technique extracts the signal
phase changes (interference) from SAR data that are collected in the
same region during different periods (Erban et al., 2014; Pepe and Calo,
2017). More specifically, both studies resorted to the Persistent Scatterer
InSAR (PS-InSAR) method based on the original Persistent Scatterer
Interferometry (PSI) method proposed by Ferretti et al. (2001).

Wu et al. (2022) used only the C-band Sentinel-1 A/B— ~30 images
between 2015 and 2020—whereas both the Sentinel-1 A/B and the
C-band Environmental Satellite Advanced Synthetic Aperture Radar
(Envisat-ASAR) were used by Cian et al. (2019), spanning a total period
of approximately fifteen (15) years. Geographically, Wu et al. (2022)
looked at ninety-nine (99) cities around the world whereas Cian et al.
(2019) considered eighteen (18) coastal cities in Africa—including
Accra, Ghana. Both studies used integration of the European Space
Agency (ESA) Sentinel Application Platform (SNAP) software and the
Stanford Method for Persistent Scatterers (StaMPS) software (Hooper
et al., 2012) to make interferograms and extract time series of ground
displacements from PS-InSAR respectively. Conclusively, both studies
detected the occurrence of subsidence in Accra, however, only Wu et al.
(2022) reported actual values with maximum subsidence rates
exceeding 4 mm/yr (Fig. 6). However, in both articles, the measured
deformation was expressed in the direction of the Line of Sight (LOS) of
the SAR antenna and assumed the deformation to be in the vertical di-
rection only—no horizontal land movements. In addition, there was no
use of ground data to validate the InSAR-derived deformations in Accra,
Ghana. The area circled in Fig. 6 shows locations with higher subsidence
rates. These are upstream flood plains of the Sakumo II lagoon that have

2 articles

Coastal
Vulnerability

4 articles

2 articles

2 articles

SLR Subsidence

2 articles

1 article

3 articles + 1 Website
Source

Fig. 5. A Venn diagram indicating the articles obtained from various online
database searches using the keywords “SLR”, “Subsidence” and “Coastal
Vulnerability”. Only articles on Ghana were considered.

Quaternary Science Advances 12 (2023) 100108

0.4°W 03'W 02w 0.1°W 0.0° 0.1°E
S9N 59N
58N 58°N
57N 57N
56°N S l 56°N
Skm s s
55N L 155N
0.4W 0.3W 02'W 0.1°W 0.0° 0.1°

mean velocity of LOS (mm/yr)

Fig. 6. Mean line of sight (LOS) velocity distributions (mm/yr) for portions of
the Greater Accra Region, Ghana between 2015 and 2020 using Sentinel-1 A/B
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(After Wu et al. (2022)).

been heavily encroached upon and could be undergoing gradual
compaction due to urban loading.

Subsidence is more profound in some coastal landforms such as
deltaic environments. Geologically, deltas such as Ghana’s Volta Delta,
have their surface geology predominantly covered by alluvial deposits.
The surface geology of Ghana’s Volta Delta comprises soft quaternary
rocks and unconsolidated sediments of clay, loose sand and gravel de-
posits (Jayson-Quashigah et al., 2013). Alluvial deposits oxidate and
compact under natural and human-induced influence. According to
Higgins (2016), a layer of clay could compact at rates of up to 5 mm/yr
for several decades with peat deposits being the most compressible. An
area’s surface geology, therefore, defines its subsidence regime. Other
factors such as groundwater and hydrocarbon abstraction (Gambolati
and Teatini, 2015; Kontgis et al., 2019); sediment trapping through
coastal interventions and river damming (Vorosmarty et al., 2009;
Schmidt, 2015); and land modifications that stall sediment compensa-
tions (Aagaard et al., 2021) all compound coastal subsidence. Unfortu-
nately, these natural and human-induced pressures threaten coastal
systems and the diverse array of ecosystems they host (Linham and
Nicholls, 2010).

3.3. Relative sea level rise (rSLR) assessments along Ghana’s coast

The review of available literature, however, suggests that no studies
have been conducted on rSLR. No study has incorporated measured or
estimated values of both SLR and land subsidence to determine the rSLR
regime along any section of Ghana’s coast or assessed the impacts
thereof. The surging trend in coastal flooding or inundation along
Ghana’s coast (Appeaning Addo et al., 2018) has been alluded mostly to
eustatic or steric sea level rise for decades without much consideration
of land deformation being a probable influencer.

On a global scale, Ericson et al. (2006) assessed the implications of
Effective sea-level rise (ESLR) on some forty (40) deltas, including
Ghana’s Volta delta. The methodology employed was based on the
definition of ESLR as the combination of eustatic sea-level rise, the
natural rates of fluvial sediment deposition and subsidence, and any
accelerated subsidence due to groundwater and hydrocarbon extraction,
which is not compensated by deposition of fluvial sediment. Unlike rSLR
which is a combined effect of sea-level rise and local vertical land
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motion, ESLR encompasses the concept of rSLR and other potential
factors such as rates of fluvial deposition. ESLR is, therefore, a more
comprehensive measure of sea-level change. Ericson et al. (2006)
attempted to incorporate both SLR and land subsidence in their study,
however, the methodology used relied on some assumptions which
included uniform eustatic SLR, natural subsidence and accelerated
subsidence across the extent of each delta. The Eustatic SLR estimate,
based on Church and Gregory (2001), Douglas and Peltier (2002), and
Miller and Douglas (2004), was pegged at 2 mm/yr for all deltas. In the
absence of reliable data on the Volta delta, the natural subsidence rate
was pegged at 2.5 mm/yr—a mean value of the other deltas with pub-
lished rates. In estimating the accelerated subsidence, a factor of three
times the natural subsidence rate to define the upper limit of the po-
tential accelerated subsidence was used following Milliman et al. (1989)
and Milliman (1997). Conclusively, the study pegs the rate of ESLR in
the range of 3-5 mm/yr (Fig. 7). Based on the baseline ESLR estimates
extrapolated from 2000 through 2050, the study predicts that 1.12% of
the Volta Delta will be lost to sea level incursion and also identified
sediment trapping as the dominant factor in the ESLR rates estimated.

Aside from the aforementioned study by Ericson et al. (2006) which
attempted to incorporate both SLR and subsidence into ESLR estima-
tions, all other assessments on sea-level change along Ghana’s coast
have only considered eustatic SLR. Evadzi et al. (2017) statistically
quantified the effect of sea level on the Ghana coastline by first per-
forming trend analysis of sea surface height (SSH) data for Ghana by
integrating satellite-derived data from TOPEX/Poseidon, Jason-1, and
Jason-2/0STM spanning about twenty (20) years (1993-2014) and
proceeds to make future projections to the year 2100 based on corrected
SLR projections of IPCC AR5 for Ghana. Findings from the trend analysis
of the annual mean of SSH from the satellite observation data indicated
an increasing sea-level trend of 2.52 &+ 0.22 mm/yr and that the sea level
has risen by about 5.3 cm (1993-2014) and accounts for 31% of the
observed annual coastal erosion rate (about 2 m/yr) in Ghana.

Aside from the satellite-derived eustatic SLR estimates by Evadzi
etal. (2017), a few studies used tidal gauge data to estimate eustatic SLR
(Sagoe-Addy and Appeaning Addo, 2013; Boateng et al., 2017). Data
from the Permanent Service for Mean Sea Level (PSMSL) indicated the
availability of tidal gauge data at three locations along Ghana’s coast-
—Accra, Tema and Takoradi (PSMSL, 1980, 1982, 2013)—but the time
coverage is limited, the series are incomplete and do not span the most
recent years. The data span of Tema was from 1963 to 1982 whereas that
of Takoradi was from 1929 to 1992 and partly in 2007, 2008, 2009,
2011 and 2012 (Fig. 8). The quality of historic monthly tidal data from
the Accra tidal gauge is questionable with data spanning from 1922 to
1938. In Takoradi, there was a discontinuity in acquired data where the
tide gauge was operational until the 1990s when it completely broke
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down (Fig. 8a). Only visual staff readings were taken between 1998 and
2004 (Nkebi, 2006). Prior to its breakdown in the 1990s, it had mal-
functioned after 1974 as shown in Fig. 8a. At the Tema port (Fig. 8b), the
demolition of the tidal recorder’s housing unit due to reported expan-
sion works led to the truncation of data by 1990 (Nkebi, 2006). Due to
the relative reliability and longevity of tidal data from the Takoradi port,
Sagoe-Addy and Appeaning Addo (2013), NOAA (2013) and Boateng
et al. (2017) all sourced the Takoradi tidal data for their SLR estimates.

Using annual means from 1930 to 1969, Sagoe-Addy and Appeaning
Addo (2013) estimated a rate of 3.34 mm/yr at a 95% confidence in-
terval using a linear regression model (Fig. 9). NOAA (2013) estimated
3.32 mm/yr with a 95% confidence interval of + 0.5 mm/yr based on
monthly mean sea level data from 1929 to 1969 (Fig. 10). Boateng et al.
(2017) estimated a SLR rate of 2.1 mm/year using monthly mean sea
level data from 1925 to 1970. However, the estimate by Boateng et al.
(2017) could be erroneous considering the >3 mm/yr rates estimated by
the other two studies (Sagoe-Addy and Appeaning Addo (2013) and
NOAA (2013)) and that tidal data collection at the Takoradi port only
begun in 1929, not 1925. All studies excluded data after 1970 from their
linear trend analyses.

3.4. Coastal vulnerability assessments of Ghana’s coast

The coastlines—and by extension, coastal zones—undergo dynamic
changes and sporadic damage as a result of episodic occurrences caused
by riverine and coastal processes (Nguyen and Takewaka, 2020). The
most vulnerable areas within the coastal zone are the low-lying coastal
communities and ecosystems. Vulnerability assessments along the coast
of Ghana, have been carried out on various spatial scales from the entire
coastline (Boateng et al., 2017) to regional (Appeaning Addo, 2014) and
district scales (Yankson et al., 2017; Babanawo et al., 2022) to assess the
susceptibility of the coastal zone to coastal hazards. However, several
studies along Ghana’s coast have mostly attributed research findings on
the impacts of coastal hazards to climate change and its cascading effects
(Appeaning Addo and Adeyemi, 2013; Wiafe et al., 2013; Jayson-Qua-
shigah, et al., 2013; Angnuureng et al., 2013; Tessler et al., 2015).

Index-based coastal vulnerability (CVI) assessments have been car-
ried out by Boateng et al. (2017) and Appeaning Addo (2014) along
Ghana’s entire coast and the regional capital—Greater Accr-
a—respectively. In computing their CVIs, Boateng et al. (2017) used
eight geologic and physical process variables namely: geomorphology,
shoreline change rate, coastal slope, geology, sea-level change, local
subsidence, mean significant wave height and mean tidal range, and
incorporated population density as well. Aside from replacing coastal
slope with elevation and excluding SLR and population density,
Appeaning Addo (2014) used the same set of variables in computing a

Fig. 7. Global distribution of effective sea-level rise (ESLR) under baseline conditions for 40 deltas. The arrow and ellipse indicate the location of Ghana’s Volta Delta
and the estimated range of ESLR respectively. The upstream drainage basin for each delta is highlighted in grey (Modified after Ericson et al. (2006)).
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Fig. 9. Sea-level gauge data and linear trend model for annual mean sea level at Takoradi (Sagoe-Addy and Appeaning Addo, 2013).

CVI to SLR. Data on all variables used in the aforementioned studies
were either obtained through direct measurement (in situ and remotely
sensed) or as secondary data sourced from reliable institutions.

The subsidence rates were adopted from global trends reported by
Syvitski et al. (2009) as 2 mm/yr and from average tidal gauge data (<1
mm/yr) in the case of Appeaning Addo (2014) and Boateng et al. (2017)
respectively. The CVI results by Boateng et al. (2017) based on
percentile categorization indicated that 36% of Ghana’s entire coastline
was identified to be very highly vulnerable, covering Jomoro District
(Western Region), Cape Coast District (Central region), and three coastal
districts (Dangbe East, Keta and Ketu) at the eastern coast (Fig. 11). 15%
of the coastline was considered highly vulnerable. The CVI findings from
Appeaning Addo (2014) showed that the Western coast of Accra was a
high-risk area for increasing rSLR (Fig. 12), however, the entire coastal

zone of Accra was classified as a medium-risk area. Geology, geo-
morphology and relatively low elevation were identified as the major
factors increasing the risk level, especially along the Western coast.
Wu et al. (2022) reported an InSAR-measured maximum subsidence
rate of >4 mm/yr in Accra compared to the subsidence rates of 2 mm/yr
and <1 mm/yr adopted by Appeaning Addo (2014) and Boateng et al.
(2017) respectively. This could suggest a CVI underestimation of a more
vulnerable coastline in their respective studies. However, the results of
the CVI assessment of the Greater Accra coastal frontage by Boateng
et al. (2017) largely corroborated the CVI assessment of the Accra coast
by Appeaning Addo (2014). The slight variations, especially along the
Eastern coast of Accra, was due to the exclusion of socio-economic
parameter (population) in the CVI assessment by Appeaning Addo
(2014). The studies further propose an integration of appropriate
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adaptive responses and a holistic management plan which includes the
adoption of nature-based solutions such as beach nourishment; reloca-
tion of inhabitants in vulnerable areas; and implementation of a setback
boundary to minimize coastal development and interference with nat-
ural coastal processes.

Yankson et al. (2017) and Babanawo et al. (2022) both adopted the
indicator-based flood vulnerability indices approach at the district lev-
el—Greater Accra Metropolitan Area (GAMA) and Ketu South Munici-
pality respectively. Both studies deployed GIS and mixed-method
research approaches which included Focus Group Discussions (FDGs)
and household surveys—300 and 354 households for Yankson et al.
(2017) and Babanawo et al. (2022) respectively. Using seven indicators
and sub-components, Yankson et al. (2017) aggregated the indicators
and their sub-components into the IPCC’s three contributing factors of
vulnerability—exposure, sensitivity, and adaptive capacity. The in-
dicators were then standardized and transformed into scores ranging
from O to 1 to compute the composite vulnerability index which ranged
from 0.16 to 0.65 for eight (8) communities in the GAMA. Babanawo
et al. (2022) followed the same methodology and computed the



S.Y. Avornyo et al.

composite vulnerability index ranging from 0.1 to 0.64 for five (5)
communities in the Ketu South Municipality—Blekusu and Salakope
being the least and most vulnerable respectively. In the respective study
areas, both studies showed appreciable levels of vulnerability to floods.
However, only Yankson et al. (2017) incorporated climate variability,
dwelling type and measured physical attributes such as elevation, slope,
the distance of households to the sea and local drainage which could
determine the vulnerability extent of coastal communities to floods. The
findings of Babanawo et al. (2022) on the other hand, were generally
based on the experiences or perceptions of the respondents which could
be highly biased, speculative or prejudicial.

4. Identified knowledge & data gaps and implications for coastal
management

4.1. Knowledge gaps
The review of available literature on land subsidence, SLR and

coastal vulnerability in Ghana’s coastal area brought forth the following
knowledge gaps.

No SLR rate assessments are based on reliable and recent tidal gauge
data. The most recent tidal gauge data used in literature was ob-
tained in 1970.

The absence of ground-validated subsidence study for Ghana’s
coastal zone and absolute rSLR rate measurements owing to SLR and
accurate land deformation measurements.

No identification and assessment of natural and human-induced
factors driving coastal land subsidence in Ghana.

The non-availability of a comprehensive coastal vulnerability
assessment study along Ghana’s coast that incorporates measured
subsidence values as an input variable.

The non-existing studies on the respective share of global climate
change and coastal land subsidence in an attempt to understand the
complexity underpinning the periodic flooding and erosion in-
cidences along some sections of Ghana’s coast, and how subsidence
could be exacerbating the magnitude and frequency of climate
change-driven coastal hazards and vice versa.

4.2. Implications for coastal management

In an attempt to understand the complexities underpinning the
surging trend in coastal hazards along Ghana’s coast, the knowledge and
data gaps identified would likely impair the effective implementation of
coastal management strategies aimed at reducing impacts on life and
property. Non-existing or inadequate data and knowledge on the
aforementioned gaps would significantly obscure a holistic under-
standing of the processes driving coastal hazards along Ghana’s coast,
and prevent the adoption of efficient management or mitigation stra-
tegies. This review offers a new perspective—especially within Ghana’s
context—of the potential that coastal processes such as land sub-
sidence-with little to no attention—have in exacerbating coastal haz-
ards and vulnerability. Therefore, it buttresses the need to critically
assess the knowledge and data gaps and offer solutions to stall direr
ramifications in the future should the gaps persist.

SLR estimates from tidal gauges provide ground validation for
remotely-sensed altimetry and offer historic-to-present dataset options.
However, the discrepancies or gaps in Ghana’s tidal gauge SLR datasets
has truncated data for over forty years which would have otherwise
provided long-term historic dataset and localized baselines for multi-
temporal projections. Studies such as Church et al. (2004), have
reconstructed tidal gauge datasets to fill up data voids, however, these
estimations may be far-fetched reflections of actual trends and may have
implications for management strategies that use them. It is therefore
essential to continuously obtain SLR data for accurate rate estimations.
With the advent of new methodologies, it is worth noting that coastal
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altimetry and video camera collection systems have shown promise in
supplementing tidal gauge data, enabling more accurate measurements
of sea level, as shown by Angnuureng et al. (2022) and Abessolo et al.
(2023). A combination of these multiple measurement techniques
would, however, provide a comprehensive understanding of sea level
dynamics, thus enabling more effective decision-making in coastal
management.

Knowledge gaps on coastal land subsidence could also be detrimental
to coastal vulnerability and inhabitants therein. Empirical evidence is
provided by several findings where subsidence rates are far outpacing
SLR rates (Chaussard et al., 2013; Erban et al., 2014; Minderhoud et al.,
2017; Wu et al., 2022). By closely monitoring coastal land subsidence,
scientists, engineers, and policymakers can make informed decisions to
mitigate risks, protect communities and infrastructure, and ensure the
sustainable development of coastal regions in the face of changing
environmental conditions. Identifying its drivers helps direct efforts and
ensures effective monitoring of the most predominant drivers. This will
set benchmarks and provide readily available data required for future
deltaic studies, trend analysis and models that will allow the setup of
alert warning systems or forecasts in response to coastal hazards.
Additionally, it will ensure that interventions rolled out are long-lasting,
backed by science and data, and tailor-made to an area’s specific
vulnerability needs rather than adopting a panacea approach to several
issues. This, therefore, accentuates the need to comprehensively assess
subsidence, its potential drivers and its close association with climate
change, especially along low-lying coastal zones that are frequently
plagued with coastal hazards. Excluding coastal subsidence and its
related attributes from coastal management strategies along Ghana’s
coast will therefore portend their inefficiency and subsequent failure.

5. Data requisites for rSLR projections

In predicting rSLR, adequate data is needed to build a numerical
model to simulate land subsidence and to define process-based pro-
jections of subsidence according to different scenarios and updates of
rSLR projections. An in-depth analysis of rSLR along Ghana’s coast, to
understand drivers and processes, will require a database on ground-
surface (elevation, subsidence), subsurface data (geology, hydrogeolo-
gy, geomechanics), and hydrological information (piezometric head,
groundwater withdrawals). Elevation data have been obtained from
academic field surveys; survey consultants of the West African Gas
Pipeline Project; and the Volta River Authority, operators of Ghana’s
hydroelectric dam shown in Fig. 13 below—along Ghana’s eastern coast.
Within the framework of the ENGULF research project (AFD, 2022), six
of these ground measurements were used for the assessment of different
satellite-derived DEMs (Hauser et al., 2023). Although based on a very
small number of ground control points, results show that the Coast-
alDEM (version 2.1) and FABDEM performed above average in absolute
(in meters), and relative (profile of elevation) coastal elevation assess-
ment. The impact of using these two DEMs for the assessment of expo-
sure of the Volta delta to rSLR is left for future work. Unfortunately,
other data requisites such as hydrographical data on groundwater levels,
wellheads, and groundwater consumption are not available after
reaching out to relevant institutions such as the Hydrologic Department,
Water Resource Commission and the Water Research Institute. There-
fore, for the future development of numerical models to simulate land
subsidence processes, these data requirements have to be independently
sourced.

6. Conclusion

A review of the literature on the three thematic areas, SLR, subsi-
dence and coastal vulnerability in Ghana highlights their interconnec-
tedness in the relevant studies identified in the scoping process.
Understanding their magnitude and relationships will ensure a better
understanding of the complexities underpinning the occurrence of
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Fig. 13. Geographic locations of multiple elevation measurements along Ghana’s eastern coast. The red contour indicates the boundaries of the Volta Delta.

coastal hazards plaguing coastal zones. The results obtained for each
thematic area indicate the occurrence of both land subsidence and SLR
along Ghana’s coastal area—culminating in rSLR. The prevalence of the
rSLR poses a serious threat to the biophysical attributes of Ghana’s
coastal area and the socio-economic livelihoods therein, of which some
are already being manifested in incessant coastal flooding, erosion
events and a loss of ecosystem services. Despite the threats rSLR poses,
the survey findings have revealed a significant understudy of SLR and
subsidence in Ghana. The limitations in available literature are that SLR
and subsidence assessments were based on unreliable (old) tidal gauge
data and unvalidated InSAR assessments respectively. A synthesis of
vulnerability assessments also identifies a significant portion of Ghana’s
coast—eastern and western sections—as vulnerable. Using more recent
and reliable tidal data and validated land deformation data will likely
reveal relatively higher rSLR rates that reflect the compounding impacts
of coastal hazards in recent times, especially on low-lying sandy coasts
along Ghana’s coastline. This scoping study, therefore, provides insight
into rSLR and raises awareness about the need to ascertain its drivers for
the effective implementation of a coastal management plan by policy-
makers and planners. To avert or minimize the occurrence of devasting
coastal impacts, especially on life and livelihood, it is imperative to
proactively assess and monitor, over long periods, the general status of
coasts while adopting comprehensive efforts directed at understanding
the complexities underpinning coastal interactions and subsequent im-
pacts. In attempting to address the identified knowledge and data gaps,
this study recommends the set-up of several continuous GPS stations and
elevation benchmarks to monitor land deformation; the establishment of
long-term and accurate SLR-monitoring tidal stations; employment of
advanced InSAR measurements that consider both vertical and hori-
zontal motion components; the mapping of aquifers and routine
hydrographical data collection on groundwater levels, wellheads,
groundwater consumption and estimating recharge rates.

Funding

This study was funded by the Agence Francaise de Développement
(AFD) [RE 726-2022 CZZ3340]

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

10

Acknowledgements

Special thanks to the Coastal land subsidENce in the GULF of Guinea
(ENGULF) Project Team for providing technical support for this scoping
review.

References

Aagaard, T., Anthony, E.J., Gillies, B., Laursen, S.N., Sukstorf, F.N., Breuning-Madsen, H.,
2021. Holocene development and coastal dynamics at the Keta sand spit, Volta River
delta, Ghana. Geomorphology 387, 1-11. https://doi.org/10.1016/j.
geomorph.2021.107766.

Abessolo, G.O., Almar, R., Angnuureng, D.B., Bonou, F., Sohou, Z., Camara, I, et al.,
2023. African coastal camera network efforts at monitoring ocean, climate, and
human impacts. Sci. Rep. 13 (1), 1-13. https://doi.org/10.1038/541598-023-28815-
6.

Abidin, H.Z., Andreas, H., Gumilar, I., Wibowo, L.R.R., 2015. On correlation between
urban development, land subsidence and flooding phenomena in Jakarta. IAHS-AISH
Proceedings and Reports 370 (November), 15-20. https://doi.org/10.5194/piahs-
370-15-2015.

AESC, 1997. Coastal Erosion and Proposed Protection Work at Keta. Accra, Ghana.

Engulf Program — Assessing Exposure to Relative Sea-Level Rise along the Gulf of Guinea,
2022. Retrieved from. https://www.afd.fr/en/carte-des-projets/engulf-progra
m-assessing-exposure-relative-sea-level-rise-along-gulf-guinea?origin=/en/recher
cher?query=ENGULF.

Almar, R., Kestenare, E., Reyns, J., Jouanno, J., Anthony, E.J., Laibi, R., Hemer, M., Du
Penhoat, Y., Ranasinghe, R., 2015. Response of the Bight of Benin (Gulf of Guinea,
West Africa) coastline to anthropogenic and natural forcing, Partl: wave climate
variability and impacts on the longshore sediment transport. Continent. Shelf Res.
110, 48-59. https://doi.org/10.1016/j.cs1.2015.09.020.

Amlalo, D.S., 2006. The protection, management and development of the marine and
coastal environment of Ghana. Administering Marine Spaces: International Issues 36,
148-158. Retrieved from. http://www.fig.net/pub/figpub/pub36/pub36.pdf#page
=150.

Angnuureng, D.B., Appeaning Addo, K., Wiafe, G., 2013. Impact of sea defense structures
on downdrift coasts: the case of Keta in Ghana. Acad. J. Environ. Sci. 1 (6), 104-121.
https://doi.org/10.15413/ajes.2013.0102.

Angnuureng, D.B., Brempong, K.E., Jayson-Quashigah, P.N., Dada, O.A., Akuoko, S.G.I.,
Frimpomaa, J., et al., 2022. Satellite, drone and video camera multi-platform
monitoring of coastal erosion at an engineered pocket beach: a showcase for coastal
management at Elmina Bay, Ghana (West Africa). Regional Studies in Marine
Science 53, 102437. https://doi.org/10.1016/j.rsma.2022.102437.

Appeaning Addo, K., 2014. Coastal vulnerability index to Sea Level rise in Ghana. Coastal
and Marine Research 2 (1), 1. https://doi.org/10.12966/cmr.01.01.2014.

Appeaning Addo, K., 2015. Assessment of the Volta delta shoreline change. Journal of
Coastal Zone Management 18 (3). https://doi.org/10.4172/2473-3350.1000408.

Appeaning Addo, K., Adeyemi, M., 2013. Assessing the impact of sea-level rise on a
vulnerable coastal community in Accra, Ghana. Jamba. Journal of Disaster Risk
Studies 5 (1), 1-8. https://doi.org/10.4102/jamba.v5i1.60.

Appeaning Addo, K., Walkden, M., Mills, J., 2008. Detection, measurement and
prediction of shoreline recession in Accra, Ghana. ISPRS J. Photogrammetry Remote
Sens. 63, 543-558.

Appeaning Addo, K., Jayson-Quashigah, P.-N., Codjoe, S.N.A., Martey, F., 2018. Drone as
a tool for coastal flood monitoring in the Volta Delta, Ghana. Geoenvironmental
Disasters 5 (1), 17. https://doi.org/10.1186/s40677-018-0108-2.

Armah, A K., 1993. Sea Level Rise: Implications for the Coastal Zone of Ghana. Report of
the National Workshop on Climate Change and its Impacts on Water, Oceans,
Fisheries and Coastal Zones. Pub: Ghana National Committee for the International
Hydrological Programme (IHP). WRRI/CSIR. Accra.



https://doi.org/10.1016/j.geomorph.2021.107766
https://doi.org/10.1016/j.geomorph.2021.107766
https://doi.org/10.1038/s41598-023-28815-6
https://doi.org/10.1038/s41598-023-28815-6
https://doi.org/10.5194/piahs-370-15-2015
https://doi.org/10.5194/piahs-370-15-2015
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref4
https://www.afd.fr/en/carte-des-projets/engulf-program-assessing-exposure-relative-sea-level-rise-along-gulf-guinea?origin=/en/rechercher?query=ENGULF
https://www.afd.fr/en/carte-des-projets/engulf-program-assessing-exposure-relative-sea-level-rise-along-gulf-guinea?origin=/en/rechercher?query=ENGULF
https://www.afd.fr/en/carte-des-projets/engulf-program-assessing-exposure-relative-sea-level-rise-along-gulf-guinea?origin=/en/rechercher?query=ENGULF
https://doi.org/10.1016/j.csr.2015.09.020
http://www.fig.net/pub/figpub/pub36/pub36.pdf#page=150
http://www.fig.net/pub/figpub/pub36/pub36.pdf#page=150
https://doi.org/10.15413/ajes.2013.0102
https://doi.org/10.1016/j.rsma.2022.102437
https://doi.org/10.12966/cmr.01.01.2014
https://doi.org/10.4172/2473-3350.1000408
https://doi.org/10.4102/jamba.v5i1.60
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref13
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref13
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref13
https://doi.org/10.1186/s40677-018-0108-2
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref15
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref15
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref15
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref15

S.Y. Avornyo et al.

Armah, A K., Amlalo, D.S., 1998. Coastal Zone Profile of Ghana. Gulf of Guinea Large
Marine Ecosystem Project. Ministry of Environment, Science and Technology, Accra,
Ghana, p. 111 vii +.

Armah, A.K., Wiafe, G., Kpelle, D.G., 2005. Sea-level rise and coastal biodiversity in West
Africa: a case study from Ghana. In: Low, P.S. (Ed.), Climate Change and Africa.
Cambridge University Press, Cambridge, U.K., pp. 204-217

Atta-Quayson, A., 2018. Position paper on salt sector in Ghana. Working Paper Series.
TWN Africa. Retrieved from https://www.researchgate.net/publication/339612979.
(Accessed 20 December 2022).

Awadzi, T., Ahiabor, E., Breuning-Madsen, H., 2008. The soil-land use system in a sand
spit area in the semi-arid coastal savanna region of Ghana — development,
sustainability and threats. West African Journal of Applied Ecology 13 (1). https://
doi.org/10.4314/wajae.v13i1.40573.

Babanawo, D., Mattah, P.A.D., Agblorti, S.K., Brempong, E.K., Mattah, M.M., Aheto, D.
W., 2022. Local indicator-based flood vulnerability indices and predictors of
relocation in the Ketu South municipal area of Ghana. Sustainability 14 (9), 5698.
https://doi.org/10.3390/5u14095698.

Boateng, I., 2006. Shoreline management planning: can it benefit Ghana? A case study of
UK SMPs and their potential relevance in Ghana. Promoting Land Administration
and Good Governance. In: 5th FIG Regional Conference, Accra, Ghana. March 8-11,
2006.

Boateng, 1., 2012. An application of GIS and coastal geomorphology for large scale
assessment of coastal erosion and management: a case study of Ghana. J. Coast
Conserv. 16 (3), 383-397. https://doi.org/10.1007/s11852-012-0209-0.

Boateng, 1., Bray, M., Hooke, J., 2012. Estimating the fluvial sediment input to the
coastal sediment budget: a case study of Ghana. Geomorphology 138 (1), 100-110.
https://doi.org/10.1016/j.geomorph.2011.08.028.

Boateng, 1., Wiafe, G., Jayson-Quashigah, P.N., 2017. Mapping vulnerability and risk of
Ghana’s coastline to Sea Level rise. Mar. Geodesy 40 (1), 23-39. https://doi.org/
10.1080/01490419.2016.1261745.

Brown, S., Nicholls, R.J., 2015. Subsidence and human influences in mega deltas: the
case of the Ganges-Brahmaputra-Meghna. Sci. Total Environ. 527-528, 362-374.
https://doi.org/10.1016/j.scitotenv.2015.04.124.

Cannon, C., Gotham, K.F., Lauve-Moon, K., Powers, B., 2020. The climate change double
whammy: flood damage and the determinants of flood insurance coverage, the case
of post-Katrina New Orleans. Clim. Risk Manag. https://doi.org/10.1016/j.
¢rm.2019.100210.

Carnero-Bravo, V., Sanchez-Cabeza, J.A., Ruiz-Fernandez, A.C., Merino-Ibarra, M.,
Corcho-Alvarado, J.A., Sahli, H., et al., 2018. Sea level rise sedimentary record and
organic carbon fluxes in a low-lying tropical coastal ecosystem. Catena 162 (March
2017), 421-430. https://doi.org/10.1016/j.catena.2017.09.016.

Chaussard, E., Amelung, F., Abidin, H., Hong, S.H., 2013. Sinking cities in Indonesia:
ALOS PALSAR detects rapid subsidence due to groundwater and gas extraction.
Remote Sens. Environ. 128, 150-161. https://doi.org/10.1016/j.rse.2012.10.015.

Church, J., Gregory, J.M., 2001. Changes in sea-level. In: Houghton, J.T., Ding, Y.,
Griggs, D.J., Noguer, M., van der Linden, P.J., Dai, X., Maskell, K., Johnson, C.A.
(Eds.), Climate Change 2001: the Scientific Basis. Contribution of Working Group 1
to the Third Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge.

Church, J.A., White, N.J., Coleman, R., Lambeck, K., Mitrovica, J.X., 2004. Estimates of
the regional distribution of Sea Level rise over the 1950-2000 period. J. Clim. 17
(13), 2609-2625. https://doi.org/10.1175/1520-0442(2004)017<2609:
eotrdo>2.0.co;2.

Cian, F., Blasco, J.M.D., Carrera, L., 2019. Sentinel-1 for monitoring land subsidence of
coastal cities in Africa using PSInSAR: a methodology based on the integration of
SNAP and staMPS. Geosciences 9 (3). https://doi.org/10.3390/geosciences9030124.

Ciro Aucelli, P.P., Di Paola, G., Incontri, P., Rizzo, A., Vilardo, G., Benassai, G., et al.,
2017. Coastal inundation risk assessment due to subsidence and sea level rise in a
Mediterranean alluvial plain (Volturno coastal plain — southern Italy). Estuarine.
Coastal and Shelf Science 198, 597-609. https://doi.org/10.1016/].
ecss.2016.06.017.

Cowell, P.J., Stive, M.J.F., Niedoroda, A.W., De Vriend, H.J., Swift, D.J.P., Kaminsky, G.
M., Capobianco, M., 2003. The coastal tract. Part 1: a conceptual approach to
aggregated modelling of low-order coastal change. J. Coast Res. 19, 812-827.

Creel, L., 2003. RIPPLE EFFECTS : POPULATION and COASTAL REGIONS. Washington
DC. Retrieved from. https://www.prb.org/wp-content/uploads/2020/12/Ri
ppleEffects_Eng.pdf.

Dai, Z., Mei, X., Darby, S.E., Lou, Y., Li, W., 2018. Fluvial sediment transfer in the
Changjiang (Yangtze) river-estuary depositional system. J. Hydrol. 566, 719-734.

Danladi, I.B., Kore, B.M., Giil, M., 2017. Vulnerability of the Nigerian coast: an insight
into sea level rise owing to climate change and anthropogenic activities. J. Afr. Earth
Sci. 134, 493-503. https://doi.org/10.1016/j.jafrearsci.2017.07.019.

Douglas, B.C., Peltier, W.R., 2002. The puzzle of global sea-level rise. Phys. Today 55,
35-41.

Durand, G., van den Broeke, M.R., Le Cozannet, G., Edwards, T.L., Holland, P.R.,
Jourdain, N.C., et al., 2022. Sea-level rise: from global perspectives to local services.
Front. Mar. Sci. 8 (January) https://doi.org/10.3389/fmars.2021.709595.

Edmonds, D.A., Caldwell, R.L., Brondizio, E.S., Siani, S.M.O., 2020. Coastal flooding will
disproportionately impact people on river deltas. Nat. Commun. 11 (1), 1-8. https://
doi.org/10.1038/541467-020-18531-4.

EPA, Environmental Protection Agency, 2004. Ghana State of Environment Report. A
report by the Environmental Protection Agency.

Erban, L.E., Gorelick, S.M., Zebker, H.A., 2014. Groundwater extraction, land
subsidence, and sea-level rise in the Mekong Delta, Vietnam. Environ. Res. Lett. 9
(8), 084010 https://doi.org/10.1088/1748-9326,/9/8/084010.

11

Quaternary Science Advances 12 (2023) 100108

Ericson, J.P., Vorosmarty, C.J., Dingman, S.L., Ward, L.G., Meybeck, M., 2006. Effective
sea-level rise and deltas: causes of change and human dimension implications.
Global Planet. Change 50 (1-2), 63-82. https://doi.org/10.1016/j.
gloplacha.2005.07.004.

Evadzi, P.I., Zorita, E., Hiinicke, B., 2017. Quantifying and predicting the contribution of
sea-level rise to shoreline change in Ghana: information for coastal adaptation
strategies. J. Coast Res. 33 (6), 1283-1291. https://doi.org/10.2112/JCOASTRES-D-
16-00119.1.

Fagotto, M., 2016. West Africa Is Being Swallowed by the Sea: Encroaching Waters off
the Coast of Togo, Ghana, Mauritania, and Others Are Destroying Homes, Schools,
Fish, and a Way of Life west-africa-is-being-swallowed-by-the-sea-climate-change-
ghana-benin/). (Accessed 1 July 2022).

Ferretti, A., Prati, C., Rocca, F., Inf, D.E., 2001. Permanent scatterers in SAR
interferometry. IEEE Trans. Geosci. Rem. Sens. 39 (1), 8-20.

Fowler, A., Ng, F. (Eds.), 2021. Glaciers and Ice Sheets in the Climate System: the
Karthaus Summer School Lecture Notes. Springer Textbooks in Earth Sciences,
Geography and Environment. https://doi.org/10.1007/978-3-030-42584-5.

Gambolati, G., Teatini, P., 2015. Geomechanics of subsurface water withdrawal and
injection. Water Resour. Res. 51 (6), 3922-3955. https://doi.org/10.1002/
2014WR016841.

Ghana Statistical Service, 2021. Ghana 2021 Population and Housing Census, General
Report. Retrieved from. https://census2021.statsghana.gov.gh/gssmain/fileUpl
oad/reportthemesub,/2021%20PHC%20General%20Report%20Vol%203E_Econ
omic%20Activity.pdf. (Accessed 10 July 2022).

Hauser, L., Boni, R., Minderhoud, P.S.J., Teatini, P., Woillez, M.-N., Almar, R.,
Avornyo, S.Y., Appeaning Addo, K., 2023. A scoping study on coastal vulnerability to
relative sea-level rise in the Gulf of Guinea. Coastal elevation assessment and
literature review 283. AFD Research Paper n. https://www.afd.fr/en/ressources/sc
oping-study-coastal-vulnerability-relative-sealevel-rise-gulf-guinea-coastal-elevati
on-assessment-and-literature-review.

Helstrup, T., Jorgensen, N.O., Banoeng-Yakubo, B., 2007. Investigation of hydrochemical
characteristics of groundwater from the Cretaceous-Eocene limestone in southern
Ghana and southern Togo using hierarchical cluster analysis. Hydrogeology 15,
977-989.

Higgins, S.A., 2016. Review: advances in delta-subsidence research using satellite
methods. Hydrogeol. J. 24 (3), 587-600. https://doi.org/10.1007/s10040-015-
1330-6.

Hooijer, A., Page, S., Jauhiainen, W., Lee, W.A., Lu, X.X., Idris, A., Anshari, G., 2012.
Subsidence and carbon loss in drained tropical peatlands. Biogeosciences 9,
1053-1071. https://doi.org/10.5194/bg-9-1053-2012.

Hooper, A., Bekaert, D., Spaans, K., Arikan, M., 2012. Recent advances in SAR
interferometry time series analysis for measuring crustal deformation.
Tectonophysics 514-517, 1-13. https://doi.org/10.1016/j.tecto.2011.10.013.

Husnayaen, Rimba, A.B., Osawa, T., Parwata, I.N.S., As-syakur, A.R., Kasim, F.,
Astarini, I.A., 2018. Physical assessment of coastal vulnerability under enhanced
land subsidence in Semarang, Indonesia, using multi-sensor satellite data. Adv.
Space Res. 61 (8), 2159-2179. https://doi.org/10.1016/].asr.2018.01.026.

Inman, D.L., Nordstrom, C.E., 1971. On the tectonic and morphologic classification of
coast. J. Geol. 79, 1-21.

IPCC, 2013. Summary for Policymakers. In: Climate Change 2013: The Physical Science
Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge, United Kingdom and New York, NY, USA.

IPCC, 2021. In: Summary for Policymakers. In: Climate Change 2021: The Physical
Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change [Masson-Delmotte. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 3-32.
https://doi.org/10.1017/9781009157896.001.

Irawan, A.M., Marfai, M.A., Munawar, Nugraheni, I.R., Gustono, S.T., Rejeki, H.A, et al.,
2021. Comparison between averaged and localised subsidence measurements for
coastal floods projection in 2050 Semarang, Indonesia. Urban Clim. 35 (May 2020),
100760 https://doi.org/10.1016/j.uclim.2020.100760.

Jayson-Quashigah, P.-N., Addo, K.A., Kodzo, K.S., 2013. Medium resolution satellite
imagery as a tool for monitoring shoreline change. Case study of the Eastern coast of
Ghana. J. Coast Res. 65 (SI), 511-516. https://doi.org/10.2112/5i65-087.1.

Jayson-Quashigah, P.N., Appeaning Addo, K., Amisigo, B., Wiafe, G., 2019. Assessment
of short-term beach sediment change in the Volta Delta coast in Ghana using data
from Unmanned Aerial Vehicles (Drone). Ocean Coast Manag. 182 (July), 104952
https://doi.org/10.1016/j.0cecoaman.2019.104952.

Johnston, J., Cassalho, F., Miesse, T., Ferreira, C.M., 2021. Projecting the effects of land
subsidence and sea level rise on storm surge flooding in Coastal North Carolina. Sci.
Rep. 11 (1), 1-13. https://doi.org/10.1038/541598-021-01096-7.

Jonah, F.E., Adjei-Boateng, D., Mensah, A.E., Agbo, N.W., Edziyie, R.E., 2015.
Assessment of sand and stone mining along the coastline of Cape Coast, Ghana.
Spatial Sci. https://doi.org/10.1080/19475683.2015.1007894.

Jonah, F.E., Mensah, E.A., Edziyie, R.E., Agbo, N.W., Adjei-Boateng, D., 2016. Coastal
erosion in Ghana: causes, policies, and management. Coast. Manag. 44 (2), 116-130.
https://doi.org/10.1080/08920753.2016.1135273.

Jorgensen, N.O., Banoeng-Yakubo, B.K., 2001. Environmental isotopes (180, 2H, and
87Sr/868Sr) as a tool in groundwater investigations in the Keta Basin, Ghana.
Hydrogeology 9, 190-201.

Klein, R.J., Nicholls, R.J., 1999. Assessment of coastal vulnerability to climate change.
Ambio 182-187.

Kontgis, C., Schneider, A., Ozdogan, M., Kucharik, C., Duc, N.H., Schatz, J., 2019.
Climate change impacts on rice productivity in the Mekong River Delta. Appl. Geogr.
102, 71-83.


http://refhub.elsevier.com/S2666-0334(23)00040-0/sref16
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref16
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref16
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref17
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref17
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref17
https://www.researchgate.net/publication/339612979
https://doi.org/10.4314/wajae.v13i1.40573
https://doi.org/10.4314/wajae.v13i1.40573
https://doi.org/10.3390/su14095698
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref21
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref21
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref21
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref21
https://doi.org/10.1007/s11852-012-0209-0
https://doi.org/10.1016/j.geomorph.2011.08.028
https://doi.org/10.1080/01490419.2016.1261745
https://doi.org/10.1080/01490419.2016.1261745
https://doi.org/10.1016/j.scitotenv.2015.04.124
https://doi.org/10.1016/j.crm.2019.100210
https://doi.org/10.1016/j.crm.2019.100210
https://doi.org/10.1016/j.catena.2017.09.016
https://doi.org/10.1016/j.rse.2012.10.015
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref29
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref29
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref29
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref29
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref29
https://doi.org/10.1175/1520-0442(2004)017<2609:eotrdo>2.0.co;2
https://doi.org/10.1175/1520-0442(2004)017<2609:eotrdo>2.0.co;2
https://doi.org/10.3390/geosciences9030124
https://doi.org/10.1016/j.ecss.2016.06.017
https://doi.org/10.1016/j.ecss.2016.06.017
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref33
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref33
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref33
https://www.prb.org/wp-content/uploads/2020/12/RippleEffects_Eng.pdf
https://www.prb.org/wp-content/uploads/2020/12/RippleEffects_Eng.pdf
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref35
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref35
https://doi.org/10.1016/j.jafrearsci.2017.07.019
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref37
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref37
https://doi.org/10.3389/fmars.2021.709595
https://doi.org/10.1038/s41467-020-18531-4
https://doi.org/10.1038/s41467-020-18531-4
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref40
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref40
https://doi.org/10.1088/1748-9326/9/8/084010
https://doi.org/10.1016/j.gloplacha.2005.07.004
https://doi.org/10.1016/j.gloplacha.2005.07.004
https://doi.org/10.2112/JCOASTRES-D-16-00119.1
https://doi.org/10.2112/JCOASTRES-D-16-00119.1
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref44
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref44
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref44
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref44
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref45
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref45
https://doi.org/10.1007/978-3-030-42584-5
https://doi.org/10.1002/2014WR016841
https://doi.org/10.1002/2014WR016841
https://census2021.statsghana.gov.gh/gssmain/fileUpload/reportthemesub/2021%20PHC%20General%20Report%20Vol%203E_Economic%20Activity.pdf
https://census2021.statsghana.gov.gh/gssmain/fileUpload/reportthemesub/2021%20PHC%20General%20Report%20Vol%203E_Economic%20Activity.pdf
https://census2021.statsghana.gov.gh/gssmain/fileUpload/reportthemesub/2021%20PHC%20General%20Report%20Vol%203E_Economic%20Activity.pdf
https://www.afd.fr/en/ressources/scoping-study-coastal-vulnerability-relative-sealevel-rise-gulf-guinea-coastal-elevation-assessment-and-literature-review
https://www.afd.fr/en/ressources/scoping-study-coastal-vulnerability-relative-sealevel-rise-gulf-guinea-coastal-elevation-assessment-and-literature-review
https://www.afd.fr/en/ressources/scoping-study-coastal-vulnerability-relative-sealevel-rise-gulf-guinea-coastal-elevation-assessment-and-literature-review
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref50
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref50
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref50
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref50
https://doi.org/10.1007/s10040-015-1330-6
https://doi.org/10.1007/s10040-015-1330-6
https://doi.org/10.5194/bg-9-1053-2012
https://doi.org/10.1016/j.tecto.2011.10.013
https://doi.org/10.1016/j.asr.2018.01.026
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref55
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref55
http://refhub.elsevier.com/S2666-0334(23)00040-0/optBLAugVAv7n
http://refhub.elsevier.com/S2666-0334(23)00040-0/optBLAugVAv7n
http://refhub.elsevier.com/S2666-0334(23)00040-0/optBLAugVAv7n
http://refhub.elsevier.com/S2666-0334(23)00040-0/optBLAugVAv7n
https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1016/j.uclim.2020.100760
https://doi.org/10.2112/si65-087.1
https://doi.org/10.1016/j.ocecoaman.2019.104952
https://doi.org/10.1038/s41598-021-01096-7
https://doi.org/10.1080/19475683.2015.1007894
https://doi.org/10.1080/08920753.2016.1135273
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref63
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref63
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref63
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref64
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref64
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref65
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref65
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref65

S.Y. Avornyo et al.

Koster, K., Stafleu, J., Cohen, K.M., Stouthamer, E., Busschers, F.S., Middelkoop, H.,
2018. Three-dimensional distribution of organic matter in coastal-deltaic peat:
implications for subsidence and carbon dioxide emissions by human-induced peat
oxidation. Anthropocene 22, 1-9. https://doi.org/10.1016/j.ancene.2018.03.001.

Larbi, L., Nukpezah, D., Mensah, A., Appeaning-Addo, K., 2018. An integrated
assessment of the ecological health status of coastal aquatic ecosystems of Ada in
Ghana. West African Journal of Applied Ecology 26 (1), 89-107.

Lartey, N.L., 2022. Due Process Was Followed in Granting Salt Mining License to
Electrochem—Minerals Commission. Retrieved from. https://citinewsroom.com/
2022/04/due-process-was-followed-in-granting-salt-mining-license-to-electroch
em-minerals-commission/amp/. (Accessed 20 December 2022).

Linham, M.M., Nicholls, R.J., 2010. Technologies for climate change adaptation: coastal
erosion and flooding. In: Zhu, X. (Ed.), Adaptation: Coastal Erosion and Flooding.
Retrieved from. http://tech-action.org/Guidebooks/TNAhandbook_CoastalErosio
nFlooding.pdf.

Longhurst, A.R., 1962. A review of the oceanography of the Gulf of Guinea. Bulletin IFAN
(Series A) 24, 633-663.

Ly, C.K., 1980. The role of the Akosombo Dam on the Volta River in causing coastal
erosion in central and eastern Ghana (West Africa). Mar. Geol. 37, 323-332.

Mensah, J.V., 1997. Causes and effects of coastal sand mining in Ghana. Singapore J.
Trop. Geogr. 18 (1), 69-88.

Miller, L., Douglas, B.C., 2004. Mass and volume contributions to twentieth-century
global sea-level rise. Nature 428, 406-409.

Miller, M.L., Hadley, N.P., 2005. Tourism and coastal development. In: Schwartz, M.L.
(Ed.), Encyclopedia of Coastal Science. Springer-Verlag, The Netherlands,
pp. 1002-1008.

Milliman, J.D., 1997. Effect of terrestrial processes and human activities on river
discharge, and their impact on the coastal zone. In: Haq, B.U., Haq, S.M.,
Kullenberg, G., Stel, J.H. (Eds.), Coastal Zone Management Imperative for Maritime
Developing Nations. Kluwer Academic Publishers, pp. 75-92.

Milliman, J.D., Broadus, J.M., Gable, F., 1989. Environmental and economic implications
of rising sea-level and subsiding deltas: the Nile and Bengal examples. Ambio 18,
340-345.

Minderhoud, P.S.J., Erkens, G., Pham, V.H., Bui, V.T., Erban, L., Kooi, H., Stouthamer, E.,
2017. Impacts of 25 years of groundwater extraction on subsidence in the Mekong
delta, Vietnam. Environ. Res. Lett. 12 (6), 064006 https://doi.org/10.1088/1748-
9326/aa7146.

Minderhoud, P.S.J., Coumou, L., Erban, L.E., Middelkoop, H., Stouthamer, E., Addink, E.
A., 2018. The relation between land use and subsidence in the Vietnamese Mekong
delta. Sci. Total Environ. 634, 715-726. https://doi.org/10.1016/j.
scitotenv.2018.03.372.

Neumann, B., Vafeidis, A.T., Zimmermann, J., Nicholls, R.J., 2015. Future coastal
population growth and exposure to sea-level rise and coastal flooding — a global
assessment. PLoS One 10, e0118571. https://doi.org/10.1371/journal.
pone.0118571.

Nguyen, Q.H., Takewaka, S., 2020. Land subsidence and its effects on coastal erosion in
the Nam Dinh coast (Vietnam). Continent. Shelf Res. 207 (September 2019), 104227
https://doi.org/10.1016/j.csr.2020.104227.

Nicholls, R.J., Wong, P.P., Burkett, V., Codignotto, J., Hay, J., McLean, R.,
Ragoonaden, S., Woodroffe, C.D., Abuodha, P.A.O., Arblaster, J., Brown, B.,
Forbes, D., Hall, J., Kovats, S., Lowe, J., McInnes, K., Moser, S., Rupp-Armstrong, S.,
Saito, Y., 2007. Coastal systems and low-lying areas. In: Parry, M.L., Canziani, O.F.,
Palutikof, J.P., van der Linden, J.P., Hanson, C.E. (Eds.), # Climate Change 2007:
Impacts, Adaptation and Vulnerability: Contribution of Working Group II to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK, pp. 315-356. http://ro.uow.edu.
au/scipapers/164.

Nkebi, E.K., 2006. Report on Sea Level Measurement for Ghana. Accra. Retrieved from.
https://gloss-sealevel.org/sites/gloss/files/publications/documents/ghana_2006.
pdf.

NOAA (National Oceanic and Atmospheric Administration), 2013. Mean Sea-Level
Trends 410-001 Takoradi, Ghana. Retrieved from. https://tidesandcurrents.noaa.
gov/sltrends/sltrends_station.shtml?id=410-001.

Oppenheimer, M., Glavovic, B.C., Hinkel, J., van de Wal, R., Magnan, A.K., Abd-
Elgawad, A., et al., 2019. Sea level rise and implications for low-lying Islands, coasts
and communities. In: IPCC Special Report on the Ocean and Cryosphere in a
Changing Climate, vol. 126. IPCC, Geneva.

Oteng-Ababio, M., Owusu, K., Appeaning Addo, K., 2011. The vulnerable state of the
Ghana coast: the case of Faana-Bortianor. JAMBA. Journal of Disaster Risk Studies 3
(2), 429-442.

Pepe, A., Calo, F., 2017. A review of interferometric synthetic aperture RADAR (InSAR)
multi-track approaches for the retrieval of Earth’s Surface displacements. Appl. Sci. 7
(12) https://doi.org/10.3390/app7121264.

Permanent Service for Mean Sea Level (PSMSL), 1980. Accra. https://psmsl.org/data
/obtaining/stations/242.php. (Accessed 15 September 2022).

Quaternary Science Advances 12 (2023) 100108

Permanent Service for Mean Sea Level (PSMSL), 1982. https://psmsl.org/data/obtainin
g/stations/1049.php. (Accessed 15 September 2022).

Permanent Service for Mean Sea Level (PSMSL), 2013. https://psmsl.org/data/obtainin
g/stations/331.php. (Accessed 15 September 2022).

Restrepo-Angel, J.D., Mora-Pdez, H., Diaz, F., Govorcin, M., Wdowinski, S., Giraldo-
Londono, L., et al., 2021. Coastal subsidence increases vulnerability to sea level rise
over twenty-first century in Cartagena, Caribbean Colombia. Sci. Rep. 11 (1), 1-13.
https://doi.org/10.1038/541598-021-98428-4.

Romine, B.M., Fletcher, C.H., Frazer, L.N., Anderson, T.R., 2016. Beach Erosion under
Rising Sea-Level Modulated by Coastal Geomorphology and Sediment Availability
on Carbonate Reef-Fringed Island Coasts. International Association of
Sedimentologists Special Publications, pp. 1321-1332. https://doi.org/10.1111/
sed.12264.

Rygel, L., O’sullivan, D., Yarnal, B., 2006. A method for constructing a social
vulnerability index: an application to hurricane storm surges in a developed country.
Mitig. Adapt. Strategies Glob. Change 11, 741-764.

Sagoe-Addy, K., Appeaning Addo, K., 2013. Effect of predicted sea level rise on tourism
facilities along Ghana’s Accra coast. Journal of Coastal Conservation and
Management 17 (1), 155-166. https://doi.org/10.1007/511852-012-0227-y.

Sahin, O., Mohamed, S., 2014. Coastal vulnerability to sea-level rise: a spatial-temporal
assessment framework. Nat. Hazards 70, 395-414.

Schmidt, C.W., 2015. Delta subsidence: an Imminent threat to coastal populations.
Environ. Health Perspect. 123 (8), A204-A209. https://doi.org/10.1289/ehp.123-
A204.

Stouthamer, E., Asselen, S.V.A.N., 2015. Drivers of delta subsidence. In: IAHR World
Congress, pp. 1-2. https://doi.org/10.1038/nge0629.2.

Syvitski, J.P.M., Kettner, A.J., Overeem, 1., Hutton, E.W.H., Hannon, M.T.,
Brakenridge, G.R., et al., 2009. Sinking deltas due to human activities. Nat. Geosci.
(September), 1-6. https://doi.org/10.1038/nge0629.

Teatini, P., Tosi, L., Strozzi, T., Carbognin, L., Cecconi, G., Rosselli, R., Libardo, S., 2012.
Resolving land subsidence within the Venice Lagoon by persistent scatterer SAR
interferometry. Phys. Chem. Earth 40-41, 72-79. https://doi.org/10.1016/j.
pce.2010.01.002.

Tessler, Z.D., Vorosmarty, C.J., Grossberg, M., Gladkova, I., Aizenman, H., Syvitski, J.P.
M., Foufoula-Georgiou, E., 2015. Profiling risk and sustainability in coastal deltas of
the world. Science 349 (6248), 638-643. https://doi.org/10.1126/science.aab3574.

Tessler, Z.D., Vorosmarty, C.J., Overeem, 1., Syvitski, J.P.M., 2018. A model of water and
sediment balance as determinants of relative sea level rise in contemporary and
future deltas. Geomorphology 305, 209-220. https://doi.org/10.1016/j.
geomorph.2017.09.040.

Torresan, S., Gallina, V., Giannini, V., Rizzi, J., Zabeo, A., Critto, A., Marcomini, A.,
2012. DESYCO: a decision support system to provide climate services for coastal
stakeholders dealing with climate change impacts. Sea 8, 10.

Vorosmarty, C.J., Syvitski, J., Day, J., de Sherbinin, A., Giosan, L., Paola, C., 2009.
Battling to save the world’s river deltas. Bull. At. Sci. 65 (2), 31-43. https://doi.org/
10.2968/065002005.

Wang, J., Gao, W., Xu, S., Yu, L., 2012. Evaluation of the combined risk of sea level rise,
land subsidence, and storm surges on the coastal areas of Shanghai, China. Climatic
Change 115 (3-4), 537-558. https://doi.org/10.1007/s10584-012-0468-7.

Wang, Jun, Yi, S, Li, M., Wang, L., Song, C., 2018. Effects of sea level rise, land
subsidence, bathymetric change and typhoon tracks on storm flooding in the coastal
areas of Shanghai. Sci. Total Environ. 621, 228-234. https://doi.org/10.1016/j.
scitotenv.2017.11.224.

Wiafe, G., Boateng, L., Appeaning-Addo, K., Jayson-Quashigah, P.N., Ababio, S.D.,
Sowah, L., 2013. Handbook of Coastal Processes and Management in Ghana, first ed.
The Choir Press.

Wolters, M.L., Kuenzer, C., 2015. Vulnerability assessments of coastal river deltas-
categorization and review. J. Coast Conserv. 19, 345-368.

World Bank Group, 2022. Population Growth (Annual %). Retrieved from. https://data.
worldbank.org/indicator/SP.POP.GROW. (Accessed 26 July 2022).

Wu, T., Hou, X., Chen, Q., 2016. Coastal economic vulnerability to sea level rise of Bohai
Rim in China. Nat. Hazards 80, 1231-1241.

Wu, P.C., Wei, M., D'Hondt, S., 2022. Subsidence in coastal cities throughout the world
observed by InSAR. Geophys. Res. Lett. 49 (7) https://doi.org/10.1029/
2022GL098477.

Yankson, P.W.K., Owusu, A.B., Owusu, G., Boakye-Danquah, J., Tetteh, J.D., 2017.
Assessment of coastal communities’ vulnerability to floods using indicator-based
approach: a case study of Greater Accra Metropolitan Area, Ghana. Nat. Hazards 89
(2), 661-689. https://doi.org/10.1007/s11069-017-2985-1.

Yidana, S.M., Banoeng-Yakubo, B., Akabzaa, T.M., 2010. Analysis of groundwater quality
using multivariate and spatial analyses in the Keta basin, Ghana. J. Afr. Earth Sci. 58
(2), 220-234. https://doi.org/10.1016/j.jafrearsci.2010.03.003.

FAO (Food and Agriculture Organization), 2022. WaPOR The FAO portal to monitor
WAter Productivity through Open access of Remotely sensed derived data. Retrieved
December 14, 2022 from https://wapor.apps.fao.org/home/WAPOR 2/2?
theme=L2 LCC_A&dim=YEAR:%255B2022-01-01%252C2023-01-01).

12


https://doi.org/10.1016/j.ancene.2018.03.001
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref67
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref67
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref67
https://citinewsroom.com/2022/04/due-process-was-followed-in-granting-salt-mining-license-to-electrochem-minerals-commission/amp/
https://citinewsroom.com/2022/04/due-process-was-followed-in-granting-salt-mining-license-to-electrochem-minerals-commission/amp/
https://citinewsroom.com/2022/04/due-process-was-followed-in-granting-salt-mining-license-to-electrochem-minerals-commission/amp/
http://tech-action.org/Guidebooks/TNAhandbook_CoastalErosionFlooding.pdf
http://tech-action.org/Guidebooks/TNAhandbook_CoastalErosionFlooding.pdf
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref70
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref70
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref71
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref71
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref72
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref72
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref73
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref73
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref74
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref74
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref74
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref75
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref75
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref75
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref75
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref76
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref76
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref76
https://doi.org/10.1088/1748-9326/aa7146
https://doi.org/10.1088/1748-9326/aa7146
https://doi.org/10.1016/j.scitotenv.2018.03.372
https://doi.org/10.1016/j.scitotenv.2018.03.372
https://doi.org/10.1371/journal.pone.0118571
https://doi.org/10.1371/journal.pone.0118571
https://doi.org/10.1016/j.csr.2020.104227
http://ro.uow.edu.au/scipapers/164
http://ro.uow.edu.au/scipapers/164
https://gloss-sealevel.org/sites/gloss/files/publications/documents/ghana_2006.pdf
https://gloss-sealevel.org/sites/gloss/files/publications/documents/ghana_2006.pdf
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=410-001
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=410-001
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref84
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref84
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref84
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref84
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref85
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref85
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref85
https://doi.org/10.3390/app7121264
https://psmsl.org/data/obtaining/stations/242.php
https://psmsl.org/data/obtaining/stations/242.php
https://psmsl.org/data/obtaining/stations/1049.php
https://psmsl.org/data/obtaining/stations/1049.php
https://psmsl.org/data/obtaining/stations/331.php
https://psmsl.org/data/obtaining/stations/331.php
https://doi.org/10.1038/s41598-021-98428-4
https://doi.org/10.1111/sed.12264
https://doi.org/10.1111/sed.12264
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref92
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref92
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref92
https://doi.org/10.1007/s11852-012-0227-y
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref94
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref94
https://doi.org/10.1289/ehp.123-A204
https://doi.org/10.1289/ehp.123-A204
https://doi.org/10.1038/ngeo629.2
https://doi.org/10.1038/ngeo629
https://doi.org/10.1016/j.pce.2010.01.002
https://doi.org/10.1016/j.pce.2010.01.002
https://doi.org/10.1126/science.aab3574
https://doi.org/10.1016/j.geomorph.2017.09.040
https://doi.org/10.1016/j.geomorph.2017.09.040
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref102
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref102
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref102
https://doi.org/10.2968/065002005
https://doi.org/10.2968/065002005
https://doi.org/10.1007/s10584-012-0468-7
https://doi.org/10.1016/j.scitotenv.2017.11.224
https://doi.org/10.1016/j.scitotenv.2017.11.224
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref106
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref106
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref106
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref107
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref107
https://data.worldbank.org/indicator/SP.POP.GROW
https://data.worldbank.org/indicator/SP.POP.GROW
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref109
http://refhub.elsevier.com/S2666-0334(23)00040-0/sref109
https://doi.org/10.1029/2022GL098477
https://doi.org/10.1029/2022GL098477
https://doi.org/10.1007/s11069-017-2985-1
https://doi.org/10.1016/j.jafrearsci.2010.03.003
https://wapor.apps.fao.org/home/WAPOR_2/

	A scoping review of coastal vulnerability, subsidence and sea level rise in Ghana: Assessments, knowledge gaps and manageme ...
	Author contribution
	1 Introduction
	2 Study area
	3 An overview of subsidence, SLR and vulnerability assessments along Ghana’s coast
	3.1 Identification and selection of relevant studies
	3.2 Land subsidence assessments along Ghana’s coast
	3.3 Relative sea level rise (rSLR) assessments along Ghana’s coast
	3.4 Coastal vulnerability assessments of Ghana’s coast

	4 Identified knowledge & data gaps and implications for coastal management
	4.1 Knowledge gaps
	4.2 Implications for coastal management

	5 Data requisites for rSLR projections
	6 Conclusion
	Funding
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


