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Abstract

Estuarine shorelines similar to marine coastlines are highly dynamic and may increase disaster risk in vulnerable
communities. The situation is expected to worsen with climate change impacts and increasing anthropogenic
activities such as upstream water management. This study assessed shoreline changing trends along the Volta river
estuary in Ghana as well as the marine coastline using satellite imageries, orthophotos and topographic maps
spanning a period of 120 years (1895, 1990, 2000, 2005 and 2015). Linear regression method in the Digital Shoreline
Analysis System (DSAS) was used to determine the estuary shoreline migration trend by estimating the shorelines
rate of change for the eastern and western sides of the estuary. The rates of change of the marine coastlines on
the east and west of the estuary were also estimated. The results show that the eastern and western shoreline of
the estuary are eroding at an average rate of about 1.94 m/yr and 0.58 m/yr respectively. The coastlines on the
marine side (eastern and western) are eroding at an average rate of about 2.19 m/yr and 0.62 m/yr respectively.
Relatively high rates of erosion observed on the eastern estuarine shoreline as well as the coastline could be
explained by the reduced sediment supply by the Volta River due to the damming of the Volta River in Akosombo
and the sea defence structures constructed to manage erosion problems. The trend is expected to increase under
changing oceanographic conditions and increased subsidence in the Volta delta. Effective management approach,
such as developing disaster risk reduction strategy, should be adopted to increase the resilience of the
communities along the estuarine shoreline and increase their adaptive capacity to climate change hazards and
disasters.
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Introduction
Estuarine shorelines are naturally dynamic and continu-
ously shaped by natural and anthropogenic factors (Bio et
al. 2015; Appeaning Addo et al. 2008; Jayson-Quashigah et
al. 2019). These factors combine to increase pressure on
the estuarine systems, the coastal environment and coastal
cities. Climate change induced oceanographic conditions
(including sea level rise) is expected to increase coastal
erosion and flooding hazards associated with estuarine
shoreline dynamics (Arthurton et al. 2000). This will affect
the ecosystem services the estuaries provide and increase
the risk of exposure to these hazards in vulnerable

communities along the estuary shorelines. The risk level
will be high in vulnerable coastal communities and cities
in developing nations where there is paucity of data and
early warning systems are limited. Developing disaster risk
reduction strategies for vulnerable communities will re-
quire understanding into the levels of vulnerability and
the factors that increase the hazards. Disaster risk reduc-
tion reflects the systematic development and application
of policies, strategies and practices to minimize vulnerabil-
ities, hazards and the unfolding disaster impacts (Mercer
et al. 2010). It is significant to understand the dynamics of
the drivers of hazards and how they influence risk in vul-
nerable communities, especially in developing countries
where adaptation options are limited. Various methods
have been developed to monitor the evolution trend of the
biophysical drivers of hazards and determine how they
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combine to increase risk in vulnerable communities
(Appeaning Addo et al. 2008; Graham et al. 2003; Leather-
man et al. 2005).
Monitoring the geometry of the estuarine shoreline

morphology is key to understanding the evolution trend
in the estuarine shoreline position over time and how it
impacts the environment (Oyedotun 2014). It also reveals
how estuarine shorelines are responding to climatic and
anthropogenic induced stressors that have the potential to
result in environmental hazards. Geographical Informa-
tion Systems (GIS) and Remote Sensing approach in map-
ping high erosion risk zones have increased accuracy in
feature identification, feature extraction and change detec-
tion in coastal zones significantly (Natesan et al. 2015;
Kannan et al. 2016; Van and Binh 2008). They also help in
collecting data from inaccessible and rapidly changing or
hazardous environment (Wiafe et al. 2013). Such informa-
tion is relevant in effective management of resources in
vulnerable areas within the coastal environment as well as
developing a framework for disaster management. This
paper presents results of Volta estuary shoreline morpho-
logical change assessment from 1895 to 2015 within the
Volta delta region in Ghana. For this paper, shoreline will
be used to represent the riverine side of the coast while
coastline will be used to represent the marine side of the
coast.

The Volta delta
The Volta River basin covers about 400,000 km2 (Van de
Giesen et al. 2010). The river basin is a trans-national
catchment shared by six riparian countries (Fig. 1). The
watershed is 40% in Ghana, 42% in Burkina Faso, 6% in
Togo, 5% in Mali, 4% in Benin and 3% in Côte d’Ivoire
(Oguntunde et al. 2006). The Volta River has three main
tributaries namely the White Volta, the Black Volta and the
Oti River (Ibrahim et al. 2016). It is one of the main sources
of sediment supply to the Gulf of Guinea (Goussard and
Ducrocq 2014). The river drains a predominantly sandstone
catchment that also includes a wide variety of lithologic ter-
ranes covering an area of about 390,000km2 (Anthony
2015). The Volta River presently has a single outlet channel
to the sea at Ada, which is associated with a relatively large
spit. The large spit is as result of a direct outgrowth of a
natural change in the location of the mouth of the river
(Anthony et al. 2016).
Located at the lower portion of the basin is the Volta

delta, which is defined as the 5 m contour within the
Accra-Ho-Keta Plains (Appeaning Addo et al. 2018).
The geology is of the Volta Delta is generally Quaternary
which is made up of alluvial sand, silt and clay (Jayson-
Quashigah et al. 2013). The delta coast is bounded by a
narrow shelf 15–33 km wide, and characterised by a
fairly uniform, moderately steep shoreface with a gradi-
ent of between 1:120 and 1:150 down to 15m, which is

considered as the close-out depth for significant wave-
induced sediment movement on this coast (Rossi 1989;
Anthony 2015). The Volta River historically carried large
quantities of sediment, including coarse-grained sand, to
the sea and this sediment was deposited at the river
mouth, forming the modern delta (Nairn et al. 1999).
The delta front is shaped by the action of the ocean

waves, which is influenced by the nearshore bathymetry
and the shoreline orientation. Unimpeded swell waves of
moderate to high energy with an average height of about
1.4 m (m) and a long period of about 11 s (s) approach
the shoreline from the south-south west (Almar et al.
2015; Angnuureng et al. 2016). The energy dissipated
when the waves break generate longshore currents that
transport sediment alongshore from west to east, which
causes one of the highest rates of annual unidirectional
longshore sediment drift in the world (1–1.5× 106 m3/
yr) (Nairn et al. 1999). Tides are semi-diurnal with a
tidal range of about 1 m and generate weak currents that
have limited effect on the shoreline morphology
(Appeaning Addo et al. 2008). Figure 2 shows the Volta
delta and the 5 m contour delta boundary.
The Volta River’s discharge varied between 1000 m3/s

in the dry season and over 6000m3/s in the wet season
before the construction of the Akosombo Dam in 1964
(Anthony et al. 2016). Two other dams were constructed
at Kpong in 1982 and Bui in 2013 (see Fig. 1), which
have further affected the discharge rate. Runoff before
the Akosombo dam construction was higher (87.5 mm/
yr) and more varied than the post-dam period with value
of 73.5 mm/yr (Oguntunde et al. 2006). Given that water
flow is now controlled, the system dynamics in the estu-
ary has also changed with regards to flow and sedimen-
tation. The yearly sediment transport before the dam
construction was about 7.5 million m3/s (Bollen et al.
2011). Since the construction of the Akosombo dam,
there are no peaks in flow discharge and the sediment
transport is reduced to only a fraction of the original
transport (Bollen et al. 2011). This dramatic reduction in
sediment supply to the delta system has affected the evo-
lution of the delta and exacerbated coastal erosion in the
deltaic region (Armah 1991; Allersma and Tilmans 1993).
Erosion in the Volta Delta was first reported in 1929 but
posited to have existed since the 1860s, particularly in
Keta (Nairn et al. 1999). Ly (1981) estimated that the
coastline in Keta (east of the estuary) was eroding at a rate
between 4 and 8m/yr, while Boller et al. (2011) reported
that the coastline in Totope – Ada (west of the estuary) is
receding at a rate of about 6m/yr. Appeaning Addo
(2015) identified significant changes in the coastline im-
mediately to the east of the estuary and concluded that
the hydrodynamics of the estuary could affect the estuary
shorelines. The study estimated the mean erosion in the
Volta delta coastline as 1.86m/yr (Appeaning Addo 2015).
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It is estimated that by 1996, more than half of Keta
and its surrounding towns were under water due to in-
creased rate of erosion and flooding (Ile et al., 2014), dis-
placing about 500,000 people in communities within
Keta and leading to losses in millions of Ghana Cedis
(Danquah et al. 2014). The Keta and Ada Sea Defence
Projects were undertaken by the Ghana government in
2001 and 2013 respectively to manage the impacts of
erosion and flooding on the coastal communities. The
Keta defence project included the construction of six
groynes to prevent erosion and to control flooding of

buildings between the Keta Lagoon and the sea, con-
struction of a causeway across the Keta lagoon for the
coastal highway, reclamation of lands lost to the sea and
construction of houses for resettlement of displaced
people (Boateng 2009; Danquah et al. 2014). Although
the Keta sea defence project has been successful as bea-
ches have been built and the artisanal fishing activities
restored (Angnuureng et al. 2013), it has resulted in in-
creased erosion on the down-drift side of the coast
Appeaning Addo 2015; Wiafe et al. 2013; Angnuureng et
al. 2013). The erosion problems has therefore been

Fig. 1 Map of the Volta Basin showing the riparian countries, the Volta River, upstream catchment management, the Volta delta and the
tributaries. (Source: adapted from Rodgers et al., 2006 and Appeaning Addo et al. 2018)

Appeaning Addo et al. Geoenvironmental Disasters            (2020) 7:19 Page 3 of 11



transferred to the eastern side of the coast which has re-
sulted in destruction of properties and households
sources of income (Angnuureng et al. 2013). The gov-
ernment has initiated another sea defence project along
the eroding coast using groynes to manage the erosion
and flooding problems as well as protect the vulnerable
communities. Recent coastal erosion mitigation and
adaptation measures along the Volta delta coast have
been preceded by attempts by the communities to pro-
tect the coastline in Keta and its environs since 1923,
which were not successful (Akyeampong 2001). The fail-
ures were because the materials used for the defence
work could not withstand the strong waves (Akyeampong
2001; van der Linden et al. 2013). The government in
1960 undertook coastal protection project in Keta using
steel sheets to protect about 1600m of the Keta Township
but these corroded not long after (van der Linden et al.
2013). Fig. 3 shows the impact of coastal erosion along the
Volta delta coast in two highly vulnerable communities,
Fuvemeh and Ada, which are experiencing varying inten-
sity of erosion and flooding that has resulted in property
destruction, loss of sources of livelihoods and displace-
ment of households (Appeaning Addo et al. 2018).

Methodology
Materials for this study were obtained from various
sources. They include satellite images (Landsat 1990,
2000 and 2005 pan sharpened to a resolution of 15 m)
obtained from United States Geological Survey (USGS)
as well as historic (1895) and orthophoto (2015) maps
obtained from the survey and mapping division of the
Ghana Lands Commission. The data spanned a period
of 120 years, which can be classified as long term.
Figure 4 shows samples of orthophoto (2005) and satel-
lite image (2015) respectively.
The estuarine shoreline positions and the marine

coastlines were identified as the water-land boundary
represented by the high water mark, and digitized in a
GIS environment. The marine coastlines were about 15
km to the west and 10 km to the east of the estuary inlet.
The shoreline and coastline rates of change were com-
puted using the Digital Shoreline Analysis System
(DSAS), an extension to ESRI ArcGIS. DSAS was devel-
oped to produce digital shoreline position data from his-
torical maps, charts and photographs (Thieler et al.
2009). The extension contains three main components
that define a baseline, generate orthogonal transects at a

Fig. 2 Volta delta showing the 5 m contour and the administrative districts (Source: Appeaning Addo et al. 2018)
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user defined separation along the coast and calculate
rates of change. It utilizes the avenue code to develop
transects and rates, and uses the avenue programming
environment to automate and customize the user inter-
face (Morton et al. 2004). Shapefiles of the input data
(shorelines) were managed in a personal geodatabase
and appended to one shapefile for the rates of change
estimation. A baseline, which served as the starting point
for the rates computation was digitized offshore by mim-
icking the 1895 shoreline position and perpendicular
transects cast at 50 m intervals. The 50m intervals were
selected to cover more areas to increase the accuracy in
the rates computed (Appeaning Addo et al. 2008). A
total of 1338 transects were cast along the coastline from
east to west, 273 transects for the western estuarine
shoreline and 211 transects for the eastern estuarine
shoreline. Linear regression rate of change statistic
method in DSAS was adopted for this study. Linear re-
gression is robust, allows supplemental statistics to be
computed and is efficient when a limited number of
shorelines is available (Thieler et al. 2009). The average
rate of changes (erosion and accretion) were computed
for the all shorelines. Sources of uncertainty were identi-
fied and quantified. They include errors as a result of
planetable survey used to generate the 1895 historic

map; digitization of the estuarine shoreline and the
coastline positions from both the satellite and the ortho-
photo maps; and photogrammetric error for developing
the orthophoto maps. An overall shoreline positional
error for each epoch (Ex) was therefore calculated using
the following equation:

Ex ¼
ffiffiffiffiffiffi

E2
d

q

þ E2
p þ E2

pm

where Ed is the error occurring from scale digitizing,
Epm is the photogrammetric error and Ep is the planeta-
ble survey error. This approach carries the assumption
that component errors are normally distributed (Dar and
Dar 2009).
The total uncertainties were used as weights in the

shoreline change calculations. The values were annual-
ized to provide error estimation for the shoreline change
rate at any given transect and expressed as:

Ea ¼ √E2
1 þ E2

2 þ E2
3 þ E2

4

T

where E1,E2, E3 and E4 are the total shoreline position
error for the various years and T is the 120 years period
of analysis.

Fig. 4 Sample of 2005 Orthophoto and 2015 satellite imagery

Fig. 3 Destruction at Fuveme and Ada due to increased erosion
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Results
Changing trend in the shoreline positions were observed
for both the marine and estuarine sides, i.e. eastern and
western, for the 120 year period. Figure 5 shows portions
of the merged five shoreline positions for 1895, 1990,
2000, 2005, and 2015 along the coast. Figure 6 shows
overlay of the cast perpendicular transect lines on the
merged shoreline positions for the rates of change com-
putation and Table 1 presents the rates of change com-
puted for the various sections. Figure 7 is a graph of
erosion and accretion trends along the coast, while
Figs. 8 and 9 are graphs of evolution trend on the west-
ern and eastern estuarine sides respectively.

Discussion
The study has revealed the evolution trend along the es-
tuary shoreline and the marine coastline in the Volta
delta. These dynamic coastal morphological features are
changing at varying rates and intensity. The biophysical
changes are impacting the estuarine environment as well
as the socioeconomic and cultural dynamics of people in
the vulnerable coastal communities significantly. The
Volta Delta has a diverse economic system with different
but integrated sectors, i.e., agriculture including livestock
rearing and fisheries, salt and sand mining, construction,
trade, transport and tourism (Codjoe et al. 2017), which
can be affected considerably by biophysical changes in
the shoreline dynamics. The Volta delta coast has been
identified as a very dynamic area that is experiencing
erosion, flooding and shoreline recession (Ly 1980; Boat-
eng 2009; Appeaning Addo 2015). Coastal erosion has
impacted the vulnerable communities along the Volta
delta coast that has resulted in destruction of properties,
displacements of households and increased poverty

significantly (Appeaning Addo et al. 2018). Within the
period under study, the overall average rate of erosion
on the marine coastline is about 0.79 ± 0.24 m/yr while
the average rate of accretion is about 1.24 ± 0.24 m/yr.
The eastern part of the marine coastline is eroding at an
average rate of about 2.19 ± 0.24 m/yr while the average
rate of accretion is about 1.37 ± 0.24 m/yr. The western
side of the marine coastline is eroding at an average rate
of about 0.62 ± 0.242 m/yr and the average rate of accre-
tion is about 0.33 ± 0.24 m/yr. On the other hand, the
eastern estuarine side is eroding at an average rate of
about 1.94 ± 0.24 m/yr while the rate of accretion is
about 0.16 ± 0.24m/year. The western estuarine shore-
line is eroding at an average rate of about 0.85 ± 0.24 m/
yr with an average rate of accretion of about 0.14 ± 0.24
m/yr. The coastal erosion hot spots identified include
Ningo and Ada on the western coastline; and Keta,
Akpletokor, Dzita, and Blekusu on the eastern coastline
(Jayson-Quashigah et al. 2018). These locations are ex-
periencing varying intensity of erosion that are affecting
the environment and the communities significantly.
Results of this study confirm observations by Ly

(1980), Appeaning Addo (2015) and Boateng (2012) who
reported that the Volta delta marine coastline is an erod-
ing coastline. Increased erosion along the coast is as a
result of several factors such as controlled sediment dis-
charge from the Volta River due to the construction of
the Akosombo dam (Ly 1980); oceanographic conditions
such as storm surge, energetic swell waves and subsid-
ence; coastal erosion management structures and urban-
isation (Boateng, 2009); and beach sand mining (Anim
et al. 2013). Construction of the Akosombo dam has re-
duced the volume of sediment that flows into the ocean
and resulted in sediment budget deficit (Appeaning

Fig. 5 Merged coastline positions on the marine side

Appeaning Addo et al. Geoenvironmental Disasters            (2020) 7:19 Page 6 of 11



Addo 2015). The shoreline erodes sediment from the
coast to make up for the shortfall in sediment. The
problem is further aggravated by the construction of sea
defence structures to manage erosion in Keta and Ada
using groynes. The groynes trap sediments that build
beaches on the up-drift side while the down-drift side is
starved of sediment that results in increased erosion
(Angnuureng et al. 2013). Reduced sediment supply
from the Volta river has also affected the evolution
process of the delta, which has resulted in subsidence.
Although the rate of subsidence has not been measured
in the Volta delta, it is however suspected to be between
1mm/yr and 2mm/yr as experienced in most deltas glo-
bally (Appeaning Addo et al. 2018). Lowering of the
delta topography as a result of water extraction for irri-
gated coastal crop farming facilitates erosion in the vul-
nerable areas as they enhance the natural subsidence
(Ericson et al. 2006; Nicholls et al. 2016; Pont et al.

2002; Syvitski et al. 2009). Although beach sand mining
is banned in Ghana (Angnuureng et al. 2013), the prac-
tice is going on as the mined sand is the main construc-
tion material in the communities. The practice opens up
the coast to ocean wave attacks that has the potential to
initiate coastal erosion.
Increased oceanographic activities have been reported

by Appeaning Addo et al. (2018) as a major cause of ero-
sion and flooding in the coastal zone of the Volta delta.
Increasing frequency in storm surge as a result of cli-
mate change and sea level rise enable the relatively high
energetic swell waves to break closer to the shore dissi-
pating their energy. The energy dissipated when the
swell waves break at the shore generates longshore cur-
rents that transports sediments along shore. The coastal
area of the Volta delta is considered as one of the high-
est rates of annual unidirectional longshore sediment
drift in the world (Nairn et al. 1999) that results in sig-
nificant morphological changes in the coastline position.
Increasing population growth and urbanisation have
altered the land cover, topography and land use in the
delta region, thus, vegetated land has been converted
to agricultural use and settlements (Appeaning Addo
2015). The population density of the Volta Delta is
151 persons per km2 compared to 103 persons per
km2 in Ghana (Codjoe et al. 2017). Increasing urban-
isation in the Volta delta will result in clearing the
coastal vegetation for construction, which will reduce
the natural protection the vegetation cover offer the
coastal zone against erosion.

Fig. 6 Transects cast along the baselines and shorelines

Table 1 Rates of change computed for the various sections

Shoreline change results

Location Rate of Erosion
(m/yr.)

Rate of Accretion
(m/yr.)

Along the whole shore −0.79 1.24

Eastern coastline −2.19 1.37

Western coastline −0.62 0.33

East estuarine shoreline −1.94 –

West estuarine shoreline −0.58 0.14

Uncertainty (error) ±0.24

Appeaning Addo et al. Geoenvironmental Disasters            (2020) 7:19 Page 7 of 11



Increased erosion in the estuarine shorelines and
flooding in the coastal zone occur, particularly during
spillage of the Akosombo dam in Ghana and the Bagre
Hydro dam in Burkina Faso (Mumuni 2016; Logah et al.
2017). The Bagre dam, which is on the White Volta
tributary of the Volta river, has water holding capacity of
235 m (Mumuni 2016). Extra water is let out once the
holding capacity of the Bagre dam is reached to avoid
breaking the banks of the dam. This increases the vol-
ume of water in the Akosombo dam downstream and re-
sults in spillage of the Akosombo dam. Spilling of excess
water in the Akosombo dam causes flooding and erosion
of vulnerable communities along the Volta river. Ac-
cording to WRC (2007), it results in loss of livelihoods
and increased health risks of communities through the
loss of agriculture and fishing activities and increases
cases of malaria and urinary schistosomiasis, as well as
appearance of intestinal schistosomiasis. The situation

has increased poverty significantly and led to shift in in-
come generating activities in the affected communities.
It is estimated that about 80,000 people are directly ad-
versely affected by the changed conditions in the Lower
Volta Basin (Logah et al. 2017). The increasing exposure
of the vulnerable communities to the erosion hazards
has resulted in some of the households migrating to
safer areas as an adaptation measure (Boateng 2009;
Karley 2009; Lumor 2015).
Measures have been adopted by the Ghana government

to manage erosion, which consist mainly of hard engineer-
ing approach using groynes and revetments (Nairn and
Dibajnia 2004). Significant success has been achieved with
the approaches adopted in the locations where the struc-
tures have been constructed (Jayson-Quashigah et al.
2018). The areas estimated to be accreting by this study
are locations with coastal defence structures constructed
to manage coastal erosion. Angnuureng et al. (2013) and

Fig. 7 Linear Regression Rate of Change along the marine side of estuary

Fig. 8 Shoreline change for the western estuarine of the Volta estuary
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Appeaning Addo (2015) reported that the Keta sea de-
fence project has reduced the rate of erosion along the
Keta coast significantly and resulted in accretion along
portions of the marine coastline. This is evident in Anloga
and Woe where the beaches are building up at a relatively
fast rate (Appeaning Addo 2015). However, studies by
Angnuureng et al. (2013) concluded that the defence
structures have transferred the erosion problems down-
drift of the coastline. The hard engineering methods may
therefore not be the appropriate management option for
erosion management along the Volta delta coast.

Conclusion
The study has revealed the erosion and accretion trend in
the marine coastline and the estuarine shoreline along the
Volta River in Ghana. The eastern coastline on the marine
side and the estuarine shoreline are eroding more than the
western coastline and shoreline. Generally, the coastline
can be classified as an eroding coastline. The impact of
erosion, which includes displacement of communities, loss
of livelihoods and destruction of properties are expected
to increase under changing climatic conditions and urban-
isation This confirms studies by (Appeaning et al. 2018),
where 685 people were displaced as well as 90 houses
destroyed in 2011 and 2008 respectively. This will have a
huge impact on both the local and national economy as
the government will have to settle the displaced commu-
nities and provide adaptation options for the inhabitants.
Strategies should be developed to increase resilience of
the local people by developing disaster risk reduction
framework for the vulnerable communities.
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