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Regular monitoring of coastal areas is a prerequisite to evade any imminent erosive disaster. However,
data-driven decisions become more uncertain when a monitoring platform is unable to capture events
of a certain frequency. Erosion along Ghana’s coastline is endemic as in most of the Gulf of Guinea
countries in West Africa. The current challenge is how to document and understand the dimensions
of erosion despite limited human and logistical capacity. In the present study, shoreline change was
assessed by an intensive multi-platform data collection strategy deployed for a year at Elmina Bay,
Ghana through the use of drones, a shore-based camera, Sentinel satellite images and a dumpy level.
The potential causes and areas of erosion at Elmina were clearly identified at a very fine scale by our
sediment budget calculations. While a section of the beach in front of the Elmina Castle was adequately
protected by the presence of jetties , downdrift of the larger unprotected portion of the beach was
out of balance with high erosion rates. Furthermore, the results revealed that frequent, local video
cameras and drones are more effective for operational monitoring of shoreline changes at all time
scales. Satellite imagery is also a potential alternative tool, but its low temporal resolution, compared
with video cameras, makes it unsuitable for detecting daily or event-based beach changes, and is of
low accuracy for practitioners and management decisions.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As in many other regions of the world (Luijendijk et al., 2018),
coastal recession in West and Central Africa can occur as a result
of natural or anthropogenic factors, or both (Angnuureng et al.,
2013; Mimura, 2013), and when it occurs, it may continue if
not firmly addressed. Sediment loss due to drift alongshore and
across the shore facilitates rapid shoreline recession (Bonou et al.,
2018). It is more challenging to evaluate shoreline change be-
haviour when the beach is anthropised. This can be exacerbated
by activities such as sand mining and the presence of sea defence
structures (Ndour et al., 2018; Jayson-Quashigah et al., 2019;
Alves et al.,, 2020) that could result in high erosion, linked to
the ‘knock-on effect’ of the groynes (Abessolo et al., 2021). The
understanding of the effect of sea defence requires pre-and post
sea defence assessment (e.g. Angnuureng et al.,, 2013; Taveneau
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et al.,, 2021) from intensive hydrodynamic, submerged beach
bathymetry, and aerial topography measurements (Anthony et al.,
2016; Angnuureng et al., 2020).

The coast of West and Central Africa has been considered
largely vulnerable to natural hazards and the actions of human
interventions (Ndour et al., 2018; Alves et al., 2020). Despite
the implementation of various measures at different but local
scales, erosion has not ceased, suggesting the need to improve
management by working collaboratively at the regional level to
develop regional-specific solutions. The development of a holistic
plan (Alves et al.,, 2020) is seen as a sustainable approach to
management that seeks to link users/processes together rather
than focus on a single particular issue and solution. To attain this,
regular monitoring, promoting observation networks, national
data generalization, centralization and exchange for a better un-
derstanding of coastal dynamics and pressures are encouraged.
The availability of consistent data can yield a new methodology
for effective coastal management.

Among the diversity of beaches, pocket beaches are prevalent
among many coastlines of the world (Daly et al., 2011; Turki
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et al, 2013), yet the understanding of their morphodynamics
remains lagging. Pocket beaches are generally relatively short (<2
km) beaches of sand, gravel or both, locked between bedrock
headlands, although artificial pocket beaches between engineer-
ing work also exist. These lateral bounding conditions commonly
constrain alongshore sediment supply to pocket beaches which
are, thus, generally relatively narrow beaches that may show little
progradation and may flank backshore bedrock, although some
pocket beaches also bound lagoons, as in the case of Elmina. This
constrained sediment supply and the short and narrow nature of
pocket beaches may, thus, constitute an important management
problem by rendering these beaches vulnerable to sediment loss
and erosion caused by human interventions such as sand mining,
maladapted engineering solutions, and in the future, sea-level rise
(e.g., Brunel and Sabatier, 2007).

Presently, monitoring strategies use remote sensing and in
situ platforms in isolation even though they can be optimally
used complementarily. One challenge is the frequency at which
they can be deployed (Angnuureng et al., 2020). Table 1 illus-
trates some pros and cons of some of these platforms. In the
last three decades, high-resolution video camera systems (VCS)
have advanced the monitoring of shoreline changes (e.g., Almar
et al.,, 2012), intertidal bathymetry (e.g., Aarninkhof et al., 2003;
Angnuureng et al., 2020) and measurement of wave properties
(e.g., Yaniv et al,, 2011; Angnuureng et al., 2016). Video-based re-
mote sensing is particularly well-suited for cross-shore shoreline
monitoring because it is fixed in one place and covers timescales
from seconds to years, albeit at short spatial scales (Almar et al.,
2012). Its application can be found in the aspects of assessing
natural beach behaviour (e.g. Davidson et al., 2007; Smit et al,,
2007), artificial nourishment efficiency (e.g. Kroon et al., 2007),
and beaches dedicated to recreational use and safety (e.g. Jiménez
et al, 2007). In addition to video-based remote sensing, Un-
manned Aerial Vehicles (UAVs or drones) can be used to acquire
good data to determine high-resolution sediment loss (Appean-
ing Addo et al., 2018a; Jayson-Quashigah et al., 2019), particularly
in areas where a video camera cannot be set up. The spatial
coverage of UAV and video systems suffices for the monitoring
of bay or micro beaches. These remote techniques have aided
the acquisition of morphological information to expand research
works at sites where access to data has been challenging. A sum-
mary of some of these coastal monitoring approaches is indicated
in Table 1. VCS and UAV are well suited for micro spatial spot
checks over desired timescales. Satellite images on the other hand
could be used for regional measurement of coastal changes at
monthly to yearly timescales. In addition, satellite image data
has been in existence for over half a century, hence providing
data on most beaches that could be used as preliminary infor-
mation for new measurements, particularly in less documented
areas. Previously, satellite images data was challenged by poor
resolution (>20-30 m) but that has changed in recent times (with
metric to sub-metric resolution, such as the Pleiades (Taveneau
et al,, 2021), making it competitive and complementary to other
methods.

Therefore, in this paper, the main goal is to test the feasibility
of using multiple sources of remote sensing platforms to assess
the dynamics of Elmina Bay beach, Ghana (Fig. 1) as a showcase
for local management.

2. Materials and methods
2.1. Study site
In contrast to the eastern section of the Ghanaian coast, which

is sandier and dynamic with more open beaches (Anthony et al.,
2016; Appeaning Addo et al., 2018b; Jayson-Quashigah et al.,

Regional Studies in Marine Science 53 (2022) 102437

2019), the central section is characterized by many rocks (Boye
and Fiadonu, 2020) and pocket beaches. There is little information
on this section of the Ghanaian coastline even though it currently
experiences various degrees of erosion.

Elmina is a town situated along the central coast of Ghana.
The beach is located between latitude 5°4’41.67”N and longitude
1°22/41.67"W to the west and latitude 5°5'52.59”N and longitude
1°1850.63”W to the east along the Gulf of Guinea. It has discon-
tinuous beaches, fragmented into rocky and sandy segments. One
of these beaches is featured by the Elmina Castle adjacent to it
and a fishing port built on the inlet of the Benya lagoon as well
as sea defences constructed (Table 1) on each side of the inlet
(Jonah et al., 2016) of the lagoon. Waves approach the coast from
a south-south-west direction (Fig. 1) and the waves reaching the
shoreline are weak due to its concave shape and the influence of
jetties (Jonah et al., 2016). The lagoon inlet serves as a medium for
fishermen to move to land and sea. Nearly 40 castles (Osei-Tutu,
2004) and forts built between the 15th and 18th centuries by the
Europeans are situated along the coastline of Ghana. The Elmina
beach accommodates three of these monuments one of which is
the UNESCO’s world heritage sites (i.e., the Cape Coast Castle, the
Elmina Castle and Fort St. Jago) but this beach is currently facing
various degrees of erosion (Boateng, 2012; Dadson et al., 2016).
The presence of erosion along this stretch of the coastline requires
regular monitoring, especially in that the beach has received
management intervention through the construction of various
coastal defence systems.

The beach under the present investigation is about a 1.5 km
stretch, starting from the Elmina Castle in the west to the Elmina
Beach Resort in the east (Fig. 1). The grain size for the Elmina
beach is in the range of 1 mm (Anim, 2012). This is principally due
to the presence of rocks amidst the sand. Despite the coarse sed-
iment, the beach is reported to be experiencing chronic erosion
(Boateng, 2012). Historically, the ElImina beach has been identi-
fied as a hotspot of erosion with reported rates ranging between
—1.14 and —3.4 m/year (Boateng, 2012; Jonah et al., 2016). This
erosion has led to the destruction of houses and properties, which
subsequently led to the construction of jetties and revetment in
2017 to protect the Castle and nearby community.

At the moment, the source of sediment supply to many parts
of the beach seems to have significantly reduced, maybe due
to the jetties/revetments and other human activities. Generally,
jetties trap sediments up drift, in this case on the western side
of the Elmina beach while depriving sediment on the downdrift
side, in this case, towards the beach resort on the east. There are
two main different sea defence types on the beach:

e Two jetties (Fig. 1): At the east of the Benya Lagoon is a
130-m jetty, made of boulders aligned across-shore. It is
in a good state and located at the mouth of the lagoon.
There is also a 170-m jetty to the west of the Benya lagoon
mouth as well, made of boulders aligned across-shore. These
defences are in good state and located at the mouth of the
lagoon. These were constructed in the years 2007 and 2011,
respectively.

e Arevetment (Fig. 1): Behind the Castle, a more recent revet-
ment defence of about 1 km was constructed in 2017 using
aligned boulders alongshore. It is in good state and protects
the Castle on the West side.

As jetties and revetments exist on this coast, considerable
amounts of sediment can be trapped on the updrift side, which
can lead to major coastline setbacks on the downdrift side.
Generally, depths in the nearshore zone decrease towards the
east, with significant shallow depths in the cove, which could
have been influenced by eastward-directed sediment transport,
and a substantial sediment exchange likely with the Benya lagoon
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Table 1

Review of data collection methods.
Item Dumpy level UAV VCS Satellite
Longshore coverage >1 km >1 km <1 km >100 km
Best temporal resolution Daily Daily Minutes Weekly
Age >3 decades <2 decades <3 decades >3 decades
Orientation to shoreline Perpendicular Dynamic Oblique Dynamic

Data coverage
Best accuracy
Data collection
Risk to user
Remote use
Processing time

Georeferencing of images

Spot checking

cm

>2 persons

Risky at high tides
Not possible

Short

No applicable

Micro (Spot checking)
<10 cm

2 persons

Spinning blades
Secured

Long (dense map)
Manual

Micro (Fixed spot)
~1 m

1 person

Safe

Not secured

Short (light image)
Automatic

Macro (Global or large data)
>3 m

Remotely

Safe

Secured

Long

Required GPS coordinates

15°5'15" N+

5°5"'0"N-

orraiery

Revetment

1°21'0"W

1°20'45"W

limimiaia i mimimimimemsmsmsmsms - D A 1

Fig. 1. (a) Map of the study site showing Elmina, inset the map of Ghana showing Elmina (a red box). (b) The orthophoto shows the four sections, Sections 1 to
4 of the Elmina beach where analysis was done. Sea defences are indicated in blue rectangles. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

inlet. Previously, it was reported that the Benya lagoon supplies
about 226 m?3/year of sediment to the beach (Boateng et al,
2012). Maybe this sediment has further reduced along most parts
of the beach. There are areas of high depths, specifically on
the western side of the castle where sediment sink. Because of
rough nearshore wave conditions, a temporal bathymetry survey
is a challenging task close to the shore. Nonetheless, nearshore
bathymetry has been measured to an offshore distance of about
1 km away from the castle on a total area of about 2.5 km? during
this study which revealed depths ranging between 0 and 10 m.
Human activities (Boateng, 2012) such as sand mining, inap-
propriate management interventions (Ndour et al., 2018; Alves
et al., 2020; Angnuureng et al., 2020) and global climate changes
(Mimura, 2013) have been identified as major factors responsible

for coastal environment challenges in Elmina. For instance, sand
mining is widespread across the Elmina-Cape Coast-Moree coast-
line (Jonah et al,, 2016) and takes place in several forms, with
the magnitude of sand taken from the beach being dependent
on the transportation medium and the purpose for which sand is
to be deposited. This seems to take significant tow on the beach
stability with a great challenge to address along various sections
of the coastline.

Despite the expected threat to life and properties, available
data on nearshore physical processes, bathymetry, and human in-
terventions that could support critical analysis and management
of coastal erosion are fragmented, and incomplete.
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Fig. 2. Beach profile measurements in front of the Elmina Castle using a dumpy level.

3. Materials and methods
3.1. Beach profile measurements

On August 14, 2019, we carried out beach profile measure-
ments using a dumpy level and handheld GPS (Fig. 2). Five beach
transects/profiles at about 40 m apart were measured on a 200 m
wide coastline in front of the castle (Fig. 2). The profiles start
from the backshore to the foreshore and were demarcated per-
pendicular to the beach and the baseline based on the slope. They
were also used to measure the horizontal distance between slope
breaks (in meters) and the values were used to determine the
slope of the beach. A base station of 1.5 m high was established
to serve as a point of reference elevation datum with respect to
the mean sea level for the study. Relative heights were read every
5 m seaward along the transects so that many data points could
be collected in less intensive time.

3.2. Multi-platform remote sensing beach monitoring techniques

3.2.1. UAV (drone)

Monthly beach surveys were carried out on this beach using
DJI Phantom 4 Pro drone flights from January to December 2019.
However, there was no flight in September 2019 due to some
technical constraints. Ten permanent ground control points were
established along the beach and coordinated to the national grid
with a D-GPS. To avoid the influence of tides, drone flights were,
as much as possible, conducted at low tide levels. The ground
control points (GCPs) were used in geo-referencing the drone im-
agery. Averagely, 300 images were captured each month during
each flight with a total of 11 flights in 2019. These images were
manually filtered to remove blurred or overexposed shots.

A 3D scene reconstruction was performed using structure from
motion (SfM) and Multi-View Stereo (MVS) algorithms (Snavely,
2011) implemented in Agisoft Metashape software. Analysis of
SfM, involves (1) image alignment (Mancini et al., 2013), (2) pixel-
based dense stereo reconstruction using the aligned data and
the GCPs and (3) building of orthophoto and digital elevation

map (DEM). Where artificial objects such as fishing boats, coastal
defences and buildings exist along the beach, the DEM was classi-
fied, as much as possible, to extract only the bare ground; thereby
reducing exaggeration of topographic heights.

The 1.5 km beach was divided into four sections at random
distances in relation to the presence of defences, sand and rock
outcrops. Beach profiles were extracted for each section from the
drone DEM for each of the months in an ArcGIS platform. The
beach profiles were extracted from the lower foreshore to the
berm crest. Total errors estimated on the vertical elevations (Z)
and horizontal locations (XY) were 0.6 and 7.0 cm, respectively.

Orthophotos generated from the UAV images were uploaded
into ArcMap. Shorelines were manually digitized using the high
water mark (HWM) as a proxy (Boak and Turner, 2005) from each
of the orthophotos, in order to be consistent with the proxies used
for shoreline studies in Ghana (Jayson-Quashigah et al., 2013;
Wiafe et al., 2013; Angnuureng et al., 2020). Orthogonal transects
were cast at 5 m intervals to cross the shoreline positions, and
these were used to compute the rates of change.

Shoreline rates of change and horizontal shoreline mobility
were computed statistically following the Linear Regression Rates
(LRR) method of the Digital Shoreline Analysis System (DSAS;
Thieler et al., 2009). LRR allows the computation of the rates of
change using all shoreline data and it was adopted for the rates
of change estimation along the entire coastline under study.

3.2.2. Video camera system (VCS)

A video camera system (VCS) with a 180° field view was
mounted on the about 40-m-high edge of the Elmina Castle wall
in November 2018. The VCS was installed about 80 m from the
shoreline. The final processed beach area on each video image
was approximately 250 m wide in front of the castle. Timex
images, defined as the average of a 15-min set of snapshots
(Holland et al., 1997; Angnuureng et al., 2020), were selected and
the shoreline positions were automatically extracted following
the minimum shoreline variability method (Almar et al., 2012).
Almar et al. (2012) have shown that beach sand displays high
red colouration (R) and low green (G) pigments, thus yielding
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a high ratio of R to G onshore and low R to G in water. From
their work, based on some bimodal distribution, the local mini-
mum of this distribution curve represents the transition between
water and beach, that is, the shoreline position. The shoreline
is represented by the time-averaged waterline where the ra-
tio was unity. To improve accuracy, where the ratio is below
0.98 or greater than 1.1, no shoreline was extracted. These pixel
data were converted to metric values by geo-referencing with
ground control points collected with differential GPS. The shore-
line change rates were then estimated with the median point rate
(MPR). For the MPR method, the shoreline change rate (Ay) for all
months was estimated by simply finding the difference between
alongshore-averaged shoreline positions and the overall median
position.

3.2.3. Satellite images

CoastSat toolkit (Vos et al, 2019), an open-source software
toolkit written for Python 3.6 or higher, can be used to ob-
tain time-series of shoreline positions at any sandy coastline
worldwide from publicly available satellite images imagery. It
employs the functionality of several freely available Python soft-
ware packages. In the current study, Sentinel-2 satellite images
were accessed from January 2019 to December 2019 from the GEE
archive. Using the functionalities provided within the CoastSat
toolkit;

(i) pre-processing of the multispectral images (cloud mask-
ing, pan sharpening and down-sampling); (ii) sub-pixel resolu-
tion shoreline extraction; and (iii) shoreline positional change
measurements along shore-normal transects were conducted.

The Google Earth Engine (GEE) Python API package was used
to access the satellite images imagery of Elmina, while machine
learning and image processing packages, namely scikit-learn (Pe-
dregosa et al,, 2011; Vos et al,, 2019) and scikit-image (van der
Walt et al., 2014; Vos et al., 2019), were employed to automati-
cally extract the position of the shoreline from the multispectral
imagery. Four transects, as shown in Fig. 1, were drawn across-
shore and the shoreline positions were extracted at each transect
for all the months of all available sentinel images. The MPR
approach is inbuilt within the CoastSat toolkit. To estimate the
shoreline changes, the MPR approach was applied to remove me-
dian positions from the alongshore-averaged shoreline positions
of all transects for all months. The shoreline changes were then
analysed for the four sections to represent the temporal changes.

3.3. Waves and tide

ERA-5 Reanalysis (C3S, 2017) wave data was used to assess
the wave climate of the area and its potential influence on coastal
dynamics. ERAS is the 5th generation ECMWF reanalysis for the
global climate and weather for the past 4 to 7 decades (C3S,
2017). These wave data are produced and archived on a different
grid to that of the atmospheric model, namely a reduced latitude
and longitude grid. The horizontal resolution of the wave data of
ERAS5 is about 52 km (C3S, 2017; Bruno et al., 2020).

This data is at nine grid locations of the entire coastline of
Ghana. The grid size is coarse in spatial coverage and does not fall
within the length of ElImina beach, which means the ERA5 data is
only used here as a representative of regional wave forcing. The
closest grid swath is around Komenda, between 1.15-1.50°W and
5.03-5.13°N, which is about 20 km from Elmina. Significant wave
heights of combined wind waves and swells (Hs), peak wave
periods (Tp) and wave direction (wdir) were downloaded at six-
hourly intervals. Wave condition variations were assessed in line
with the time of image acquisition and shoreline changes.

There is no measured water level data for Elmina. Water levels
were extracted from the WXTide model (Flater, 2010) at 15-
minute intervals. This is a free Windows tide prediction program.

Regional Studies in Marine Science 53 (2022) 102437

The tide data was used to correct the shoreline variations which
were extracted from Sentinel-2 satellite images, UAV flights and
VCS.

As shown in Fig. 3 a-c, the computed monthly mean signif-
icant wave height, Hs (Fig. 3b) increased gradually from about
0.8 m in January (dry season) to a peak of about 1.2 m in July
(wet season), and eventually decreased to 0.84 m in December
(dry season). Generally, the mean wave periods, Tp (Fig. 3a) varied
between >10 s and <12 s with the peak in May and July (wet
season). The wdir (Fig. 3c) are generally southwesterly and ranged
between 180° and 186°, with the highest wdir value (more SW)
observed in September 2019 and the lowest (more southerly)
in April 2019. Fig. 3d presents the astronomical tides that were
extracted. The beach is a microtidal zone with average heights of
1 m at daily intervals.

4. Results
4.1. Description of the seasonal beach profile evolution

The cross-shore beach profiles that were measured with the
UAV are presented in Fig. 4. The slopes of the beach were esti-
mated as the ratio of the average profile elevation to the seaward
distance. The sectional variations of the beach presented a dom-
inant reflective beach with quite steep slopes that averagely
ranged from 0.04 to 0.13. The beach width decreases from sectors
1, 3, 4, to 2 (Fig. 4). The most accreted profiles varied from sector
to sector probably because this is a bay beach, with a diverse di-
rection of wave conditions incidence. For all the monthly profiles
(Fig. 4) that were extracted from the UAV flights, sectors 1 and 3
profiles present highly dynamic accretion-erosion patterns. These
profiles seem to suggest averaged accreting and eroding beaches,
respectively.

In Section 1, the survey of the beach profile using dumpy
levels revealed gentler or dissipative beaches with an average
annual slope of 0.04. The vertical range of the profile envelope
data shows that the topography of Section 1, on about 200 m
longshore beach length, has changed by approximately 1 m in el-
evation on the foreshore while the backshore remains unchanged
within the year. This elevation is however subject to uncertainties
due to the presence of several parked fishing boats as well as
sea defence structures on the beach, which results in topography
undulations. In December 2019, accretion occurred on the fore-
shore and the beach widened to about 80 m (Fig. 4a). Overall, the
January profile was the most eroded. During the field surveys,
most of the beach users were found on this side of the beach,
mostly for recreation.

Section 2 (Fig. 4b) is shorter in width, steeper and longer in
longshore length, and about 50% larger and dominantly sandier
than the rest of the Sections. The profile variation in this section
(Fig. 4b) was small and uniform compared to adjacent profiles
and the beach was steeper and more reflective. The mean slope
of profiles in Section 2 was estimated to be 0.13.

Profiles in Section 3 were wider and more variable than those
in Sections 2 and 4. Section 3 varied across the entire profile.
Sections 2 and 3 were both sandy and open to the waves. Fig. 4
suggests that in Sections 2 and 3, the December profiles rather
were more eroded in contrast to Section 1. The average slope
of Section 3 is 0.08. The beach fronting Section 3 has a large
variation between months, especially at the foreshore.

Sections 2 to 4 are more open to the sea unlike Section 1
which was in between jetties. However, Section 4 is backed by
rocks, and as shown in Fig. 4d, the profile presents several bar-
like features. These are rocky outcrops at the Section. At the time
the data was collected for this study, the beaches in Sections 2 to
4 were unprotected and open to larger wave attacks compared to
Section 1 but are now protected with rocky sea walls.
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4.2. Capturing seasonal shoreline position from multiple remote
sensing sources

As shown in Fig. 5a, the alongshore-averaged ((X)) shoreline
positional changes for the platforms used were computed with
data for all months as earlier explained. VCS shoreline posi-
tions ranged between 25 m and 43 m, excluding a distance of
80 m from the camera location. UAV shorelines were digitized
in ArcMap with a baseline created at about 20 m from the first
shoreline. Thus, the UAV (X) varied between 20 m and 40 m. Sen-
tinel data obtained with the CoastSat toolkit varied between 20
and 50 m. Shoreline change rates were computed by subtracting
the shoreline position of the oldest shoreline from the median
of the youngest shoreline. Monthly shoreline changes that were
estimated showed erosion of —8 m and accretion of about 17 m.

As shown in Fig. 5a, the shoreline highly advanced during
October, November and December 2019 while retreat began in
February and peaked in April. The average rates of shoreline
changes were found to be 1.7, 2.8, and 1.0 m for Sentinel, UAV and
VCS platforms, respectively, over the entire period. Considering
individual platforms, changes from the Sentinel satellite images
data had a wider range of variations (Fig. 5a). The monthly cross-
shoreline changes observed from the UAV were mostly consistent
with those changes observed from the Sentinel, particularly from
October to December. Despite the sectoral variations in erosion
and accretion by transects after a year of observations, the entire
beach followed an accreting trend though most months recorded
sediment loss. The monthly cumulative rate of change was ap-
proximately 2 m of accretion in 2019. This result is a consequence

of activities such as the presence of the defences at some por-
tions (Angnuureng et al., 2013) and the fluctuations of sediment
between the lagoon estuary and the sea.

The influence of tide on the cross-shore shoreline positions
was computed for all three methods (Fig. 5b). The various ap-
proaches reacted differently to tides particularly when data col-
lection coincided with spring tides. From our data, the shoreline
positions from sentinel varied between 20 and 50 m but the
accuracy of sentinel shoreline positions was very poor. The ac-
curacy ranged between 0 and 15 m due to spatial resolution,
tides and image processing. Shoreline positions from UAV and
VCS on the other hand, with the same range of tide values, were
less affected, with much higher accuracy or lesser error. The
accuracies were estimated by a ratio of the tide to beach slope at
the time of image collection. The averaged uncertainties due to
tides were respectively, 6.7, 3.0 and 3.5 m for sentinel, VCS and
UAV on horizontal shoreline position. The difference in the values
of accuracies highlights the importance of the various approaches.

The seasonal shoreline positions extracted from the sentinel-
2 satellite images, Timex images of the fixed VCS and monthly
UAV flights at Section 1 are presented in Fig. 5c-e. The shoreline
evolution showed seasonal change patterns. The seasonality as
observed from the Sentinel satellite images, VCS and UAV indicate
that the largest variations occurred during the Harmattan season
(November to March). These periods were characterized by both
increasing and decreasing hydrodynamic conditions experienced
in the study area (Fig. 3), which could result in 3D features
and non-uniform beaches. The Elmina shoreline position showed
larger variations from the satellite images and low variation in
the VCS and UAV data within the year (Fig. 5c-e). We observed
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Fig. 4. a-d. Monthly UAV topographic profiles variations between January and December 2019 for Sections 1, 2, 3 and 4, respectively (see Fig. 1) on the beach.

that the shoreline positions moved more seaward from October
to December (Dry season) and more landward between March to
August (Wet/ Rainy season). On the other hand, the data shows
that the Rainy season which is characterized by moderate to
high energy conditions present less variable shoreline patterns,
probably due to dissipative beach conditions.

5. Discussion
5.1. Beach change and the potential drivers

The overall beach changes presented were computed using
all shorelines in the alongshore and cross-shore directions using
the linear regression rate (LRR) method (Thieler et al., 2009),
as shown in Fig. 6a. Along the entire study area, the maximum
beach accretion was about 15 m, particularly close to the jetties
while the highest erosion during the period of study was 3 m.
Specifically, LRR results revealed that the observed erosion was
highest between transects 500-m and 700-m as one moves down-
drift away from the castle (Fig. 6a). This result is consistent with
erosion rates of 3.4 m/year observed by Boateng (2012) in the
same area.

In all, 20% of the entire study area experienced erosion at rates
of about 3 m. As shown in Fig. 6a, large portions of Sections 3 and
4 are in disequilibrium and will probably be eroded. In Fig. 6b, we
present sediment volume changes for all months at the various
sections. The volume changes were usually estimated by finding
the difference between sediment volumes of consecutive months.

e Section 1 is observed to be generally accreting. For Section 1,
which is protected by a revetment and jetties, the beach
is more stable with no record of erosion, but very high

rates of accretion (~3 my/year). This is revealed from the
UAV profiles and VCS analyses with the beach building up
from January to December, a seaward advancement of the
beach for this section. Though erosion may have occurred
in Section 1, the accretion is larger. The results in Fig. 6a
suggest that at the frontage of the castle, the shoreline is
almost at the same position and thus it may be in a stable
state for a long time while the rest of the beach would
likely be unstable. Based on our observation, if there will
be shoreline instability in Section 1 in the future, it would
be due to the topography which is low and of gentle slopes.
Our findings revealed that sediment volumes accumulated
throughout most parts of the year (over 54%).

In Section 2, the results (Fig. 6a) indicate no erosion near
the jetty. Shoreline changes of most individual transects
show that the shoreline is advancing cumulatively seaward,
which could be explained by the sediment released by the
Benya lagoon that supplies about 226 m?3/year of sediment
to the beach (Boateng et al. 2012). However, on moving east-
ward away from the jetty, the beach begins to experience
sediment losses. Averages over the months (Fig. 6b) show
some losses of sediment in this Section. The whole period of
March to July showed no recovery or accumulation of sand
on the beach. The cause of these high changes observed in
these months is not clear but it may be due to a combination
of any of the following: cross-shore sediment transport,
sand mining at the beach, the image acquisition time, inter-
mittent storm events, wave seasonality owing to seasonal
variations (Fig. 3; Dada et al., 2016) and tide-induced errors
(Fig. 3d).

A moderate correlation (r~0.45) was observed between
ocean forcing (waves and tides) and beach change. This
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confirms that the beach change may not be solely due to
waves. For instance, the area in Section 1 in front of the
castle, 0-200 m (Fig. 7), between the two jetties was poorly
correlated (r~0.0; p > 0.6) with waves. The results suggest
that wave energy is low, obviously because of the geometry
of the beach as a pocket beach or the effects of the jetties.
Section 2 is the sandiest part of the beach where illicit sand
mining occurs by the inhabitants (Jonah, 2015). Thus, sand
mining in combination with the presence of the sea defences
and nonlinear wave propagation owing to irregular coastline
shape could play a significant role in the beach changes.

Downdrift, Sections 3 and 4, experience higher erosion up
to a —3 m/year (Fig. 6a). This high rate of erosion compares
well with rates observed by previous studies in the area and
along the Eastern Coast of Ghana (e.g., Boateng, 2012; Jonah,
2016; Appeaning Addo et al., 2018b; Jayson-Quashigah et al.,
2019). The main cause of the changes is unclear but based
on our findings, it may be due to the wave conditions, the ef-
fects of the sea defence located about 400 m to the west and
sand mining. These factors are heavily resident on this side
of the beach. Away from the jetty sea defence, waves seem
to have a high influence; the correlation between shoreline
variation and waves was observed to be r > 0.5 with p <
0.05. These parts of the beach are open to wave breaking,
yet there is no defence system. Thus, it was exposed to
direct wave action with no management intervention at
the time of the study. The erosion here has led to the
destruction of previous seawalls, houses and infrastructure

along this stretch of the coast. As in Section 2, in Section 3,
most months recorded sediment losses. Towards Section 4,
where the beach is a bit rocky, sediment loss reduces but
the shoreline retreat is high. Even though the government
has a plan to protect this beach with gabion revetments,
such an effort could further lead to future instability of the
beach and cause erosion of large portions of the beach in
the downdrift sections, from Sections 2 to 4, if not properly
implemented. Overall, Fig. 6b shows that March, June and
December are the months when sediment losses occurred
in all Sections. We observed more sediment loss during
Harmattan (November to March), and also from June to
September.

Elmina beach is characterized by natural drivers and human
interventions in various ways, including buildings, sand mining,
fishing activities, canoes, and sea defences like the jetties. Even
though we did not evaluate the precise impact of human in-
terventions, they have implications for the study area. The VCS
shows that the updrift part of the beach is mostly used to dock
canoes and for recreational activities. By occupying the beach
with boats, these activities have the potential to reduce the width
of the beach, influence the sediment distribution, and possibly
account partially for beach erosion. As shown in Fig. 7, the beach
was largely used to dock canoes in May, and this could have
affected the estimated width and slope. Quarterly, the beach
slope changed between 0.07 and 0.13 during the year; JFM -
0.12; AM] - 0.07; JAS - 0.13 and OND - 0.08. In terms of width,
the beach was widest between October and December, and the
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narrowest between March and May. Presently, erosion occurs at
some parts of the beach while others are accreting. Overall, the
three platforms used here have shown the beach changes in all
parts.

5.2. Performance of sentinel satellite images, UAV, and VCS platforms
for monitoring beach evolution

Sentinel satellite and UAV data were provided on a weekly
to monthly scale while the video camera system (VCS) was ob-
tained daily. The performance of these platforms can be based
on their ability to capture all major events that occur on the
beach. As shown in Fig. 8, sentinel data, acquired on a weekly to
monthly basis, is not frequent enough and cannot adequately de-
tect intermittent - storm event - evolution, while high-frequency
video-derived data can. On seasonal to interannual scales, satel-
lite data is only able to capture about 80% of the signal at an
increasing uncertainty (Fig. 8c) compared to video-derived data
that shows greater significance levels. In addition, observed sea-
sonal shoreline variations at Elmina are within the pixel resolu-
tion of Sentinel-2 (10 m) compared with UAV and VCS (0.1 m).
This currently restricts the use of satellite images data for local
beach management (Taveneau et al., 2021). However, a combi-
nation of large scale satellite image-derived information and the
high-frequency temporal performances of the VCS has a brighter
future.

5.3. Sentinel satellite images, UAV, and VCS platforms as manage-
ment tools

The potential areas and causes of erosion are clearly identified
at a very fine scale by our sediment budget calculations. There is
a need for more careful consideration, by any hard engineering
management option, particularly based on what we discussed in
Section 4.2 with regards to the type of data and the accuracy that

would be obtained. These platforms have outlined the eventual
sources of vulnerability of this beach as the beach profile, its
slope, topography, erosion, sand mining, and the geometry of the
beach. At Elmina, our results inform management about gauging
the potential pitfalls associated with the emplacement of coastal
housing and infrastructure. The present solutions at Elmina seem
to be fighting coastal erosion, rather than managing it. The results
inform management on the need for hybrid solutions such as
beach nourishment to counter erosion in some areas, stopping
beach sand mining and implementing hard engineering to rein-
force the coastline. These methods and the potential results could
be useful to the management of pocket beaches all along the
central and eastern coasts of Ghana, and the approach will also
be important in gauging the response of these vulnerable beaches
to sea-level rise (Brunel and Sabatier, 2007).

6. Conclusions

This paper analysed the existing regular monitoring platforms
as the key to the management and mitigation of potential risks
with a showcase at Elmina beach, Ghana (West Africa). The po-
tential areas and causes of erosion have been clearly identified
at a very fine scale by our sediment budget calculations. When
compared with a daily VCS, monthly sentinel satellite images data
and UAV are effective, but insufficient to accurately detect storm
events and intra-seasonal beach evolution. We have emphasized
the accuracy and disadvantages of the various methods while
presenting the different options to choose from for any desired
study. There is a need for more careful consideration, by any hard
engineering management option, of the type of data to use and
the uncertainty to expect.

Our results show that due to the presence of the sea defence
structures on the beach in front of the castle, no landward reces-
sion was observed at this section of the coast. The usual ‘knock-on
effects’ from hard structures were adequately detected in the
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Fig. 7. Beach occupation during the year 2019. From top to down, (a) March, (b) May, (c) September and (d) December.
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non-protected sections which showed various degrees of erosion.
Beaches situated down the drift are eroding up to —3 m over
the study period. The management of the beach with only hard
engineering may only be fighting the erosion, but the addition
of softer solutions such as beach nourishment to counter erosion
would eventually build the beach. The results of these methods
could be useful to the management of other pocket beaches all
along the coast of Ghana, and the approach will also be important
in gauging the response of these vulnerable beaches to sea-
level rise. Overall, this show-case study illustrates the potential
of using multi-platform remote sensing observations to monitor
coastal evolution for local coastal management.
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