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Abstract: This study assessed the extremes of wave conditions for past (1979–2005) and future
(2026–2045 and 2081–2100) time slices in the Gulf of Guinea (GoG). The ensemble produced from
eight General Circulation Models under different Representative Concentration Pathway (RCP)
emission scenarios (RCP4.5 and RCP8.5) was subjected to linear regression analysis and Mann–
Kendal test for their trends and significance, respectively. Results showed an increase in the extreme
of significant wave height (Hs) and mean wave period (Tm) between 1979–2005, 2026–2045, and
2081–2100 with few exceptions. The average values of annual and seasonal Hs and Tm range from
1.26–1.62 m and 10.37 s–10.86 s, respectively, for 1979–2005. These Hs values are projected to increase
by 0.1 m (0.05 m) to 1.72 m (1.67 m) and the Tm will increase by 0.29 s (0.24 s) to 11.15 s (11.10 s)
by the end of the century (mid-century) time slices, respectively. The mean wave direction (Dm)
(201.89◦–206.27◦) showed an anticlockwise shift (−29.2 × 10−3 degrees per year) for 1979–2005 which
is projected to become more southwesterly with an increase up to 2.2◦ (0.5◦) by end (mid) century
in 2100 (2045), respectively. Future work will be on the impacts of changing wave on longshore
sediment transport along the GoG.

Keywords: Gulf of Guinea; extreme wave climate; climate change; ensemble; RCP; Mann–Kendal

1. Introduction

Wind-generated waves (hereafter called “waves”) can be of two types depending on
their point of generation. They can be classified as either ocean swells that are generated
offshore or wind seas that are generated locally close to the coast [1]. Waves are generally
very important because they play a key role in several coastal engineering and marine
environmental studies. These influences can be seen both in the open ocean and coastal
areas in the forms of flooding, coastal erosion, risks to offshore activities and structures as
well as maritime transportation [2]. Waves also have a very vital influence on global climate
in that it modifies the exchange of momentum, heat, and mass across the atmosphere–ocean
interface [3].

Trends of average and extreme wave climate have been known to have remarkable
impacts on marine as well as coastal activities and their dependent industries such as
shipping and offshore oil rigs. Several other ocean dynamics, in addition to the changing
trends of wave climate, are directly or indirectly affected by climate change. These global
warming impacts, such as sea level rise [4], all contribute to exacerbating coastal problems
such as flooding [5–8] and erosion [9–11]. Due to the impacts of climate change on variables,
such as winds, driving the generation and propagation of surface waves, changes in wave
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climate are expected globally [12]. These impacts are expected to also result in changes in
wave energy and its reach of impacts [6].

The designs of coastal and offshore structures require a good understanding of ex-
treme oceanic phenomena, such as waves, to increase their effectiveness and durability.
Information on severe wave conditions such as significant wave height (Hs), which are
derived by estimating extreme Hs for different return periods, is also very vital in the design
of ships because it gives a hint of the estimated life expectancy of the ships under extreme
wave conditions [13]. These applications of information on extreme wave conditions are
not only limited to core engineering cases such as coastal engineering [14], assessment of
vulnerability to a coastal hazard [15], siting of renewable energy facilities [16] but they are
also very important in more biological studies such as an assessment of marine habitat
distribution [17]. This is especially important for a region such as the Atlantic Gulf of
Guinea (GoG), where the productivity of the coastal upwelling region is very important for
sustaining the livelihoods of several coastal dwellers.

The GoG is a part of the West African upwelling system popularly referred to as
the Guinea Current Large Marine Ecosystem (GCLME) reported to be one of the largest
marine ecosystems globally [18]. It provides a home to a high percentage of the region’s
fisheries and aquaculture because of the high nutrient inputs from coastal sources and
upwelling [19,20]. One of the most important economic activities in some countries in the
GoG is crude oil exploration, which is the major source of foreign exchange for countries
such as Nigeria [21,22]. This offshore and onshore oil exploration warrants the installation
of marine and coastal engineering structures whose efficiency and durability depend on
the understanding of the extremes of wave climate in the GoG [14]. According to the World
Bank report [23], more than 30% of the population of West Africa lives in the coastal areas.
This shows that a great percentage of the dwellers of the region is vulnerable to the impact
of climate change on wave conditions.

This aforementioned vulnerability coupled with the fact that there is no existing
database for wave observation in the region stresses the need for close monitoring of the
wave changes in the region through improved observation and modeling. Wave data from
observation or in situ measurements, such as buoys and radar, are the most accurate data
because of their high temporal resolution. However, they have a poor spatial resolution
in some regions of the global ocean due to their sparse distribution. The GoG is one of
such regions where one can hardly find wave monitoring buoys data, making such sources
poor sources of historical data for the region. Data for wave studies come from various
other sources including voluntary observing ships (VOS) [24–26], wave model reanalysis
data [27–29] as well as Satellite altimetry [30]. As a result of their ability to provide past and
future data for remote areas, wave data from the models serve as the ideal data source for
assessing long-term historical and future wave climates in relatively unmonitored parts of
the global ocean such as the GoG. This is owing to their relatively cheap cost and efficiency
in simulating wave conditions for the past, present, and future.

Though good for assessing the general trend of the average condition of wave climate,
global studies such as the assessment of global changes in wave climate based on a multi-
model ensemble conducted by [29], 21st century global projections by [12] and global
uncertainties modeling in [31] are unable to properly represent the local spatial variations
in regional wave climate. Studies assessing the future trends of wave climate have been
performed in several parts of the global ocean such as the Northeast Atlantic Ocean [32], the
Mediterranean [33], the Northwest Mediterranean Sea [34], East China Sea [35] and Indian
Ocean [2]. However, previous studies in the GoG such as [22,36,37] have only assessed the
past extreme of wave conditions. This is because in the past, assessing the future trends of
wave climate was not possible in regions such as the Gulf of Guinea due to the unavailability
of global ocean wave climate projections. This problem was recently overcome through the
Coordinated Ocean Wave Climate Projection (COWCLIP) project [38–40]. This project has
led to the development of global wave climate projections for different time slices covering
the past and future [39]. The need for regional assessment of the past and future trends
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of extreme wave conditions, as noted by [2], is very important to inform effective coastal
management in vulnerable regions such as the GoG, which is part of the goals of this study.

The present study seeks to assess the past and future trends of extreme wave climate
using an ensemble produced from eight General Circulation Models (GCMs)-derived wave
datasets from the COWCLIP project. This will provide a clearer picture of the regional
conformity or deviations from the global trends since all previously mentioned studies
have observed strong regional deviations from projected global trends of wave climate.

2. Description of the Study Area

The GoG, which includes the Island States of Sao Tome and Principe, extends from
Cape Palmas in Liberia (northwest) to Cape Lopez in Gabon (southeast) (P46 and P1,
respectively). For this study, the GoG has been defined as regions between longitudes
7.5◦ W–15◦ E and latitudes 15◦ N–1.5◦ S. Its coastal area consists of sandy beaches [41],
rocky shores [21], mud coasts [42] as well as deltas such as Niger and Volta [43] along
its stretch.

The continental shelf of the GoG is narrow [44] and it is a swell-dominated region [45].
The region has many rivers flowing into the Atlantic Ocean, and the prominent ones are
the Sassandra, Bandama, Comoé, Volta, Mono, Oueme, and Niger rivers. They are the
major sources of sediments on the coasts [46]. The predominant type of wave experienced
in the study area is the ocean swell generated by storms from the southwestern part of the
Atlantic Ocean [45,47]. The GoG is a very important region to the economy of the West
African sub-region because it contributes more than half of the Gross Domestic Product of
the countries in this part of the world [46]. This is because its continental shelf contains
deposits of crude oil and gas in locations such as the Espoir oil field between Coté d’Ivoire
and Ghana, the Lomé oil field between Ghana and the Benin Republic, and the Aje oil field
in the Niger Delta, Nigeria [22].

For the assessment of the extreme conditions of the wave climate in this study,
46 points, starting from P1 in Gabon in the southeast to P46 in Cote d’Ivoire in the northwest
labeled P1-P46 (Figure 1) have been selected on the coastline of the GoG. The selection
of points P1-P46 is based on the even distribution of the points and the availability of
data close to the points. This even distribution will make it easier to observe local spatial
variations in wave climate that may occur in the countries located in the GoG region,
thereby, giving a clearer evolution of the regional and local trends in wave conditions.
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3. Data and Methods
3.1. Datasets

In this study, the COWCLIP2.0 GCMs-derived wave [38,39] datasets (hereafter referred
to as CP-GCM) were used. The CP-GCM data, produced under the second phase of the
COWCLIP, consisting of about 155 simulations of wave conditions on a global scale, is
forced using wind fields from 10 Coupled Model Intercomparison Project 5 General Circu-
lation Models (CMIP5 GCMs). This open-access dataset comprises both dynamically and
statistically simulated wave data. For the present study, the contribution of the Common-
wealth Scientific and Industrial Research Organisation (CSIRO) to the COWCLIP2.0 project,
i.e., the CSIRO multiple-model multiple-scenario ensemble was used [1,39,48]. It consists
of WAVEWATCH III (WW3) dynamically simulated wave data using 10 m above surface
wind field forcing from 8 CMIP5 GCMs (Table 1). The model setup for the generation of
this globally available dataset made use of the ST3 (BAJ) source term physics in WW3.
The details of the WW3 setup for this dataset simulation are provided in the previous
studies [12,39]. The database consists of various time slices representing the historical
(1979–2005), the mid-century (2026–2045) and the end-century (2081–2100). The future pro-
jections are also available for two Representative Concentration Pathway (RCP) emission
scenarios, i.e., RCP4.5 and RCP8.5 which are all analyzed in this study. According to [49,50],
RCP4.5 and RCP8.5 are some of the representative concentration pathways included in
the Fifth Assessment Report of IPCC (AR5) [51]. They signify the greenhouse gas (GHG)
emission scenarios with a projected radiative forcing of 4.5 Wm−2 and 8.5 Wm−2 by the
end of the century in 2100, respectively. While the RCP8.5 scenario represents the scenarios
releasing high GHG into the environment, the RCP4.5 represents the scenario where efforts
are made to stabilize the climate by adopting technologies and climate change mitigation
and adaptation strategies before the end of the 21st century.

Table 1. CMIP5 GCMs from CSIRO-COWCLIP2.0 used for this study.

S/N GCM Model Full Name

1 ACCESS1.0 Australian Community Climate and Earth System Simulator 1.0
2 BCC-CSM1.1 Beijing Climate Centre, Climate System Model, 1-1
3 CNRM-CM5 Centre National de Recherches Meteorologiques Coupled Global Climate Model, version 5
4 GFDL-CM3 Geophysical Fluid Dynamics Laboratory Climate Model 3
5 HadGEM2-ES Hadley Centre Global Environmental Model 2, Earth System
6 INM-CM4 Institute of Numerical Mathematics Coupled Model, version 4.0
7 MIROC5 Model for Interdisciplinary Research on Climate, version 5
8 MRI-CGCM3 Meteorological Research Institute Coupled Atmosphere-Ocean General Circulation Model, version 3

The extreme wave parameters extracted from both CP-GCM were the 99th percentile
of significant wave height (Hs), the mean wave period (Tm), and mean wave direction (Dm).
The CP-GCM data are a gridded dataset provided on a monthly, seasonally, and annually
basis but the monthly average was extracted for this study. This is to enable the definition
of the seasons based on the two dominant seasons in the GoG rather than the four in some
parts of the world. The model data has a spatial resolution of 1◦ × 1◦ and was further
downscaled to 0.5◦ × 0.5◦ to increase the chance of having data closer to points of interest
on the coast. This was performed using the linear interpolation method which is based on
the principle of triangulation thereby interpolating the nearest available grid points around
the interpolated data points. The datasets consist of the historical time slice which covers
a period of 27 years between 1979–2005 while the future time slices are 20 years for the
mid-century (2026–2045) and end-century (2081–2100) for both RCP 4.5 and RCP 8.5. The
extracted data covered 15◦ N–1.5◦ S and 7.5◦ W–15◦ E which include the coastal area of the
GoG and its surrounding continental shelf water.

The data from 8 GCMs, as shown in Table 1 (ACCESS1-0, BCC-CSM1-1, CNRM-CM5,
GFDL-CM3, HadGEM2-ES, INM-CM4, MIROC5, and MRI-CGCM3), were used to produce
an ensemble for the 3 bulk parameters Hs, Tm, and Dm used in this study. The ensemble
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was produced by finding the average of the wave parameters from the other 8 GCMs. The
ensemble was chosen for further analysis in assessing the extreme wave conditions in the
GoG because it is believed to be more representative of all the models and encourages
comparison with previous studies that have used a similar approach [45]. The data points
from the gridded data nearest to the preselected points on the coast were interpolated to
the coast for further analysis.

3.2. Selection of Coastal Points

The 46 points (P1-P46) selected as locations for analysis of extreme wave climate in this
study were defined in terms of longitude and latitudes to have relatively even distribution.
They are points near or coinciding with already digitized coordinates included in the
Global Self-consistent, Hierarchical, High-resolution Geography (GSHHG) database that
fall between longitudes 7.5◦ W–15◦ E and latitudes 15◦ N–1.5◦ S. The first condition for
selection was that the points must coincide with locations that are easily identifiable
on Google Earth. This condition guaranteed that all economically important locations
especially the big cities of the countries (e.g., Abidjan, Accra, Lomé, Cotonou and Lagos,
Dakar, etc.), in the GoG are selected. Points of significant hydrodynamics activities in the
region (e.g., Ayetoro, Takoradi, San-Pedro, Kribi, etc.), are further selected. Afterward,
even distribution of points in-between these other locations was completed. This is to
enable capturing the average local changes in wave conditions in different parts of the GoG.
As a swell-dominated region, the coastal wave conditions in the GoG reflect changes in
offshore wave conditions. The narrow continental shelf seen in most places in the GoG
allows the wave from the southwest Atlantic to travel far nearshore with little changes
due to bathymetry. A similar trend was found by [52] for the narrow continental shelf
of North Carolina where the offshore wave shows a very low difference with conditions
nearshore due to the weak influence of local wind waves. Finally, coastal points selections
were then subjected to further elimination of overlapping points (too close points) for
clarity of figures. The coordinates of the resulting 46 selected points are given in the
Supplementary Materials Table S1.

3.3. Extreme Wave Climate Analysis

The extreme wave conditions are defined to be the 99th percentile which can be
referred to as the maximum values for all wave parameters [22]. This approach was
adopted, instead of defining a particular threshold for the extreme wave climate, due to
variations in the wave parameters in the GoG. Since it has been employed in previous
studies including [22,36], it will aid in intercomparison and confirmation of results. The
analysis was completed on an annual as well as seasonal basis. Since there are two major
seasons in the GoG: wet (boreal summer) and dry (boreal winter); the duration of each of
the two seasons is 7 months and 5 months, respectively, similar to previous studies in the
GoG. The months of the wet season, hereafter refer to as summer, are from April–October
while the months of the dry season, hereafter refer to as winter, are from November–March.

The bulk wave parameters for the 46 selected points were extracted from the ensemble
dataset by finding the nearest data point to predefined points on the coast. The annual
analysis was completed by finding the average of the extreme wave parameters for all the
years. The seasonal analysis was completed similarly after grouping all the months into
their respective seasons. The averages and trends of the extreme Hs, Tm, and Dm were
estimated and presented in Section 4.

3.4. Trends and Changes in Extreme Wave Conditions

For the past time slice, to assess the rates of change in the extreme wave conditions
previously estimated, trend analysis was carried out for each parameter on an annual and
seasonal basis. To carry out trend analysis for this study, a linear regression approach was
employed. This was performed using the same approach employed in the “Trend function”
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of the climate toolbox [53]. This involves fitting a polynomial, p of degree 1 to each of the
grid points used in the time dimension of the matrix.

To assess the change that is projected to occur between the past and the future time
slices under the different climate change scenarios, the differences between the past and
future average wave conditions at each selected point were calculated for the various
climate change RCP scenarios. This was estimated using simple subtraction as shown in
Equation (1):

Changes = X_future − X_past (1)

where X = wave climate such as Hs, Tm or Dm, X_future = wave condition for the future
time slices (2026–2045 and 2081–2100), X_past = wave condition for the past time slice
(1979–2005).

3.5. Statistical Tests of Significance

For the historical time slice, after the trend analysis was done, a Mann–Kendall test
was carried out to check the existence of a significant trend in the extreme conditions of
the wave parameters on annual and seasonal bases. The MATLAB statistical function,
“mann_kendall”, included in the climate data toolbox by [53] was used for this test. This
function mann_kendall performs a Mann–Kendall test to ascertain the significance of the
trend estimated by the other function named “trend” mentioned in the previous section.
This test has the null hypothesis defined as the absence of a trend in the parameter being
tested, in this case, the extreme wave conditions. The alternative hypothesis, therefore, is
that the trend is statistically significant. For this study, the default alpha significance level
of 95% was used. The result interpretation was performed in a way that when the p-value
derived from the test is lower than alpha, the null hypothesis is rejected whereas when
the p-value is higher than alpha, it means there is no sufficient evidence to reject the null
hypothesis [54–56].

In order to check the existence of a statistically significant difference between the mid-
century and end-century future time slices, a combination of one-way analysis of variance
(ANOVA) and Tukey–Kramer test was performed. The ANOVA test was performed using
the “anova1” function in MATLAB which is used to test the null hypothesis that the wave
climate from the various RCP scenarios for all future time slices have an equal mean
against the alternative hypothesis that at least one of the RCP scenarios has a different
mean. This was followed by the Tukey–Kramer test which is an honestly significant
differences test to see which of the RCP scenarios has a different mean. The tests were
carried out at a confidence interval with alpha = 0.05 to check for the F-value and p-value
at a 95% confidence level. The resulting output, presented in Section 4, is interpreted as a
test showing p-value higher than the defined alpha value signifies insufficient evidence
to conclude that there is a statistically significant difference between the RCP scenarios
being tested. Additionally, the lower the F-value, the higher the evidence that there is no
statistically significant difference between the means of the RCP scenarios.

4. Results
4.1. Past Extreme Wave Climate and Trends

The results of the analysis completed on the historical time slice 1979–2005 for Hs, Tm,
and Dm are presented in this subsection in terms of annual, winter, and summer averages
as well as the rate of change in the parameters for the years covered.

The spatial distribution of extreme Hs presented in Figure 2a–c shows that the extreme
Hs in GoG has a relatively uniform distribution close to the coast. Although a closer
observation shows higher values (up to 2 m) in the western part around Cote d’Ivoire
labeled P46 on the study area map in Figure 1. These little variations show reduction
eastward which is most noticeable around P14 in the Nigerian Niger Delta with Hs as low
as 0.5 m. This region of exceptionally low Hs continues through Cameroon down to P5 in
Equatorial Guinea where another southward increase can be seen down to Gabon. These
slight west-to-east decreasing trends are observed on both seasonal and annual bases. The
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orientation of the wave roses shows the direction of incidence of the waves in various bins
represented by the values on the color bar.
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As presented in Table 2, the annual average of extreme Hs, as shown in Figure 2a, is
estimated to be 1.47 m while the seasonal average for the extreme Hs during the dry (winter)
season is 1.26 m (Figure 2b) and the wet (summer) season is 1.62 m (Figure 2c). These
results confirm that higher extreme Hs are observed during the summer than in winter
which can be explained from spatial distribution in Figure 2b–c where values as low as
0.4 m are seen further west in the winter unlike in the summer where values as high as
2.2 m was recorded in the upper northwest (Cote d’Ivoire) and lower southeast (Gabon).

Table 2. Average extreme Hs and its trends for the period 1979–2005.

Wave Climate Annual Winter Summer

Extreme Hs (m) 1.47 1.26 1.62
Extreme Hs trend (m per year) 1.4 × 10−3 6.3 × 10−3 −2.1 × 10−3

The spatial distribution of the Hs trend shown in Figure 3 shows that the Hs in the
GoG has been experiencing an increase on an annual basis though this is not uniform
throughout the year. The trend in the summer shows a decrease as high as −2.8 × 10−3

while a generally increasing trend up to 8.3 × 10−3 is seen in the winter. The annual
trend analysis for the period 1979–2005 showed that Hs increased with the highest rates in
the winter as can be observed in Table 2. As summarized in Table 2, the average annual
increase is 1.4 × 10−3 m per year while the winter rate is 6.3 × 10−3 m per year, but the
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Hs experienced a decreasing trend at the rate of 2.1 × 10−3 m per year in the summer.
The Mann–Kendall test carried out to show the significance of these trends is denoted
by the asterisk marker in Figure 3. It shows that for the annual and winter trends, most
locations in the GoG have been experiencing a significant increase in Hs. Contrary to this,
the decrease estimated for the summer season shows no statistical significance anywhere
in the GoG. Worthy of note is the fact that regions with the highest values of extreme Hs as
shown in Figure 2 also coincide with where higher increasing trends are being experienced
in the GoG. For example, the locations lying between Cote d’Ivoire and the western part
of Nigeria (P14–P46) generally show trends higher than 6.0 × 10−3 in the winter. This
weakened in the low Hs region seen from Niger Delta in Nigeria through Cameroon to
Equatorial Guinea (P5–P13) and returned to higher trend values in Gabon (P1–P4) where
extreme Hs are again high.
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From Figure 4a–c, it can be observed that the mean wave period shows little variations
both spatially and temporally in the GoG. Except for noticeable variation around Eastern
Cameroon through Equatorial Guinea, the average Tm is uniform around the year. The
annual average for the extreme Tm is estimated to be 10.65 s while the seasonal values are
10.37 s and 10.86 s for winter and summer, respectively (Table 3).



J. Mar. Sci. Eng. 2022, 10, 1581 9 of 30J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 10 of 34 
 

 

 

Figure 4. Wave roses showing direction-oriented spatial distribution of average (a) extreme annual 

Tm (b) extreme winter Tm (c) extreme summer Tm (d) timeseries of Tm between 1979–2005. 

Table 3. Average extreme Tm and its trends between 1979–2005. 

Wave Climate Annual Winter Summer 

Extreme Tm (s) 10.65 10.37 10.86 

Extreme Tm trend (s per year) 9.7 × 10−3  18.7 × 10−3 7.3 × 10−3 

The average Tm trend on annual, winter and summer bases are 9.7 × 10−3, 18.7 × 10−3 

and 7.3 × 10−3 s per year, respectively. This was confirmed by visually observing the winter 

trend values which are higher than others though they all follow similar spatial variability 

(Figure 5). The Mann–Kendal test of trend significance showed that the Tm trend is insig-

nificant in most parts of the GoG though significant in the center of the GoG between the 

Benin Republic and Eastern Ghana in the winter and on annual basis. This region of a 

significant increase in Tm extends a little southeastward to P18 on the Nigerian coast dur-

ing the winter though this is not a region-wide continuous significant trend as seen in the 

case of Hs. A noteworthy observation in Figure 5 is that the northwestern part of GoG 

between Cote d’Ivoire and the western coast of Ghana (P34–P46) shows very low rates of 

increase in Tm contrary to the other regions with a similar trend in Hs previously men-

tioned. 

Figure 4. Wave roses showing direction-oriented spatial distribution of average (a) extreme annual
Tm (b) extreme winter Tm (c) extreme summer Tm (d) timeseries of Tm between 1979–2005.

Table 3. Average extreme Tm and its trends between 1979–2005.

Wave Climate Annual Winter Summer

Extreme Tm (s) 10.65 10.37 10.86
Extreme Tm trend (s per year) 9.7 × 10−3 18.7 × 10−3 7.3 × 10−3

The average Tm trend on annual, winter and summer bases are 9.7 × 10−3, 18.7 × 10−3

and 7.3 × 10−3 s per year, respectively. This was confirmed by visually observing the winter
trend values which are higher than others though they all follow similar spatial variabil-
ity (Figure 5). The Mann–Kendal test of trend significance showed that the Tm trend is
insignificant in most parts of the GoG though significant in the center of the GoG be-
tween the Benin Republic and Eastern Ghana in the winter and on annual basis. This
region of a significant increase in Tm extends a little southeastward to P18 on the Nigerian
coast during the winter though this is not a region-wide continuous significant trend as
seen in the case of Hs. A noteworthy observation in Figure 5 is that the northwestern
part of GoG between Cote d’Ivoire and the western coast of Ghana (P34–P46) shows
very low rates of increase in Tm contrary to the other regions with a similar trend in Hs
previously mentioned.
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Figure 5. Line plot of the annual, winter, and summer trends of Tm with asterisk showing locations
with a significant trend. Asterisk (*) represents significant Tm trend.

Similar to the predominantly S-SW wave direction reported for the GoG, the annual
average of Dm estimated in this study, clockwise from north, is 204.39◦ while the winter
and summer mean wave directions are 201.89◦ and 206.27◦ (S-SW). The waves in the GoG
seemed to be more oriented to the north with more southerly origin in the western part
of the GoG, from Cote d’Ivoire to the Benin Republic, with values generally ranging from
180–199◦. A shift to more southwesterly moving in the northeast direction towards the
coast is seen from Nigeria which gets more southwesterly towards Equatorial Guinea
(Figure 6a–c). The trend analysis showed that, on average, the wave direction in the GoG
between 1979–2005 experienced an anticlockwise shift, i.e., it dominantly originated from
the south (northward direction towards the coast) at a decreasing rate of 29.2 × 10−3

degrees per year while decreasing rates of 12.6 × 10−3 and 6.7 × 10−3 degrees per year are
estimated for winter and summer, respectively (Table 4). The Mann–Kendal test did not
reveal statistical significance in these trends though locations P10, P15, and P29 showed
some statistical significance (Figure 7).

Table 4. Average extreme Dm and its trends between 1979–2005.

Wave Climate Annual Winter Summer

Extreme Dm (◦) 204.39 201.89 206.27
Extreme Dm trend (◦ per year) −29.2 × 10−3 −12.6 × 10−3 −6.7 × 10−3
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The spatial variation of the trend values showed a high seasonal fluctuation in the
wave direction in the coastal areas of the Benin Republic and Togo between P24–P28.
This is evident in values recorded for the summer and winter trends in Figure 7 where
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Dm in the summer and winter show opposite signs. The summer Dm trends decrease at
rates ranging from 8.4 × 10−2–14 × 10−2 degrees per year while the reverse is the case
during the winter with Dm increasing at rates between 13 × 10−2–41 × 10−2 degree per
year. Nevertheless, the annual average in this region is shifting into a more southwesterly
orientation (and moving in a northeast direction towards the coast. The summer showed
a high rate of clockwise (westerly) shift while the winter showed more waves becoming
increasingly southerly (anticlockwise shift). Another region with different signs of Dm is
seen in Gabon (P44–P46) where the Dm is reducing into becoming more southerly in the
winter at rates ranging from 14 × 10−2 degree per year. This changed to increase with a
more southwesterly wave in the summer with values up to 3.3 × 10−2 degree per year.
These inter-seasonal variabilities will impact the sediment drift in this coastal area and
need to be monitored for erosion and accretion hotspots. Apart from the southernmost
part of the GoG around Gabon, most points in the northwestern part showed a decrease in
wave direction (clockwise shift) throughout the year. This majority decrease contributed to
the negative average value reported in Table 4 though a closer observation of the values
from one location to another showed some spatial variations. This spatial variation in wave
direction trend can be observed in places such as P1–P7 and P18–P23 in addition to the
other two regions around the Benin Republic and Gabon. This observation emphasizes the
need for a location-based analysis of wave climate in these regions rather than extrapolating
the regional wave condition in the GoG for every country in the region.

The need for this aforementioned location-based further analysis of wave conditions
is readily explainable when one compares the trend values for some locations with the
average regional values presented in Table 4. For example, the regional average Dm
trend for the whole GoG showed a decrease in the wave direction. This means the wave
direction is experiencing an anticlockwise shift from a southwesterly orientation into a more
southerly orientation. However, this is not totally a representation of the change occurring
between P4–P7 where positive trends are seen for the annual average and summer. This
region thereby shows a clockwise shift in wave direction from a southwesterly into a more
southwesterly which is contrary to the anticlockwise shift estimated for the whole GoG.
Another location of deviation from the regional average lies between P19–P31 which has the
Volta Delta to the west and Niger Delta to the east. This location showed a majorly positive
trend for the seasonal and annual averages with very few exceptions which are very low
negative values. In the westernmost part of Cote d’Ivoire between P44–P46, another local
deviation from the regional mean was also observed. These observed deviations mean that
the local fluctuation at a location is not necessarily deducible from the regional average.
Hence, the need for local monitoring of wave conditions in these aforementioned locations
of deviation from the regional average is very important to have a clearer understanding of
the variations in the wave climate in these areas. This local deviation can be linked to the
contribution to the wave condition from local winds creating wind seas which influence the
swell in the location. This would have been clearer if local observations data are available
for analysis This is owing to the fact that swell waves represent more of the variabilities
in the storm conditions where they are generated. These swell waves, even though they
are dominant, are combined with locally generated wind waves. These combined waves,
which were modeled by the data source in this study, determine the average wave climate
in a location which means the strength and orientation of local winds contribute to the
overall wave direction.

4.2. Future Change in Extreme Wave Climate

The assessment of the future wave climate for the mid-century (2026–2045) and end-
century (2081–2100) was done under RCP 4.5 and RCP 8.5. The changes between the past
and the future were also assessed as the difference between the average of the historical
and future wave climate. The results are presented for Hs, Tm, and Dm in this subsection.

Figure 8a–c show that the spatial distribution of extreme Hs in the GoG for the periods
2026–2045 and 2080–2100 seems to have a similar trend for both RCP 4.5 and RCP 8.5. The
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usual spatial west-to-east decrease in Hs known in the GoG and shown in Figure 2 for
the historical time slice continues for all time slices and RCP scenarios. The minimum
Hs zone between Cameroon and Equatorial Guinea can also be observed at the locations
between P5-P13 in Figure 8a–c. The transition into higher values occurs southeastward
in Gabon (P1–P4) and a slight reduction in the Volta Delta (P30–P31). The overlap of the
lines of the different time slices and climate change scenario shows that the difference is
not much. The average values for the different time slices and RCP scenarios in Table 5 also
confirm this closeness. This closeness was also confirmed by the results of the ANOVA
and Tukey–Kramer tests graphically shown by the boxplots in Figure 9 and summarized
in Table 6. The high p-values (greater than 0.9) and low F-values show that the Hs for the
various RCP scenarios for both mid and century time slices are not significantly different
from one another. All these aforementioned closeness in values of extreme Hs have similar
patterns around the year as seen on seasonal and annual plots (Figure 8a–c). The statistical
tests also confirmed this same pattern for annual, winter, and summer Hs with the overlap
of the boxplots for all these periods shown in Figure 9.
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Table 5. Mid and end-century average extreme Hs and change relative to the past.

Time Slice RCP
Scenario

Annual
Average (m)

Annual
Change (m)

Winter
Average (m)

Winter
Change (m)

Summer
Average (m)

Summer
Change (m)

Mid century
(2026–2045)

RCP 4.5 1.49 0.017 1.24 −0.026 1.67 0.048

RCP 8.5 1.50 0.027 1.25 −0.0083 1.67 0.052

End century
(2081–2100)

RCP 4.5 1.50 0.026 1.24 −0.023 1.68 0.061

RCP 8.5 1.53 0.056 1.26 −0.0049 1.72 0.10
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Table 6. Summary of the output ANOVA and Tukey–Kramer tests for future extreme Hs.

Period F-Value p-Value

Annual 0.0729 0.9744
Winter 0.0392 0.9896

Summer 0.1191 0.9488

For the mid-century (2026–2045), the average annual Hs as presented in Table 5 shows
higher values under RCP 8.5 than RCP 4.5. In the winter, the average estimated is also
lower than the summer averages still maintaining higher values under RCP 8.5 than
RCP 4.5. From the results presented in Figure 8a, by the end of the century (2081–2100), the
annual average is projected to follow the similar spatial distribution seen in the mid-century
for the RCP scenarios (4.5 and 8.5). The overlap in the lines in Figure 8b–c confirmed that
seasonally (winter and summer), there will not be many variations as well. These results
show that the Hs at the end of the century by 2100 is expected to be higher than in the
past and mid-century for all the seasons. Additionally, the projections under RCP 8.5 show
higher waves on the coast of the GoG for both mid and end-century simulations.

Relative to the historical time slice (1979–2005), the change in extreme Hs for all the
future time slices is shown in Figure 8d–f. The average change between the past and
mid-century are 0.017 and 0.027 m for the RCP 4.5 and RCP 8.5, respectively. Relative to the
end of the century, the average changes are projected to be 0.026 and 0.056 m, respectively
(Table 5). A higher rate of increase is projected under RCP 8.5 than RCP 4.5 for the
annual average.

During the winter, the changes in extreme Hs from past to mid-century are expected
to decrease with more decrease expected under the RCP 4.5 climate conditions. This means
a higher difference between the past winter Hs conditions and the winter Hs simulated
under RCP 4.5. This is expected to continue till the end of the century. When the aver-
age Hs change values for the mid and end century are compared for both RCP 4.5 and
RCP 8.5, the results show that the winter Hs decrease will slow down by the end of the
century since the difference between past and mid-century is more negative than difference
with the end-century. Characteristically, the summer results are similar to the annual
average in that the increase in Hs by end of the century is higher than by mid-century with
a change as high as 0.1 m projected by 2100.

In contrast to the Hs plots for both annual and summer averages (Figure 8d and 8e,
respectively), the winter average change (Figure 8f) shows an almost inverted pattern to the
others. One of the most noticeable contrasts is the higher Hs change seen around Cameroon
to Equatorial Guinea (P5–P12) known for low waves. In these locations, the least negative
Hs values are found and, in some cases, even positive, suggesting the least Hs change
values in the winter in this region. This can be translated as, though a reduction in Hs is
projected during the winter for the GoG in the future, the Cameroonian–Equatorial Guinea
region might experience around the year increase in Hs as shown in Figure 8f by the line
for the RCP 8.5 for the end-century time slice. However, this is not a high change compared
to other parts of the GoG as seen in the locations around P5-P12 which are known for
relatively low values for extreme Hs (Figure 8a–c).

Looking at Figure 10a–c, similar to the observation for Hs, the average of the extreme
values of wave period for all the time slices (summarized in Table 7) follow similar trends
with little differences. The spatial distribution of the Tm values is similar to the ones
seen for Hs as the locations P1–P4 in the southernmost part of the GoG (Gabon) have the
highest values, all greater than 12 s. This is followed by the region of mostly low Hs values,
locations between Cameroon and Equatorial Guinea (P5–P12) also have decreasing Tm.
The lowest values of Tm are found between the Benin Republic and Togo (P25–P27) with
values below 9 s. Coincidentally, the areas of lower Tm coincide with the region projected
to have the highest changes occurring in the future when Figure 10a–c (average future
extreme Tm) are compared with the neighboring Figure 10d–f (change in future extreme
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Tm relative to the past). Again, the most noticeable spatial fluctuations are seen between
the southwestern and southeastern parts of Nigeria (P13–P24). The points from the Bight
of Benin westward to Cote d’Ivoire (P33–P46) have relatively uniform Tm values. Similar
to the case of Hs, the Tm for both future time slices (mid and end-century) for all the RCP
scenarios were compared. The summary of the statistical test results in Table 8 and the
overlaps of the boxplot in Figure 11 showed that the Tm has close values as well. This is
easily verifiable in the line plot of averages for each location (P1–P46) in Figure 10.
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Figure 11. Boxplots showing the overlaps between Tm means for all future RCP scenarios with
blue and red boxplots representing the RCP 4.5 and RCP 8.5, respectively for (a) annual (b) winter
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Table 7. Mid and end-century average extreme Tm and change relative to the past.

Time Slice RCP
Scenario

Annual
Average (s)

Annual
Change (s)

Winter
Average (s)

Winter
Change (s)

Summer
Average (s)

Summer
Change (s)

Mid-century
(2026–2045)

RCP 4.5 10.81 0.16 10.41 0.040 11.10 0.24

RCP 8.5 10.79 0.14 10.44 0.071 11.04 0.18

End-century
(2081–2100)

RCP 4.5 10.86 0.21 10.49 0.071 11.14 0.28

RCP 8.5 10.81 0.16 10.34 −0.032 11.15 0.29
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Table 8. Summary of the output ANOVA and Tukey–Kramer tests for future extreme Tm.

Period F-Value p-Value

Annual 0.0472 0.9863
Winter 0.1617 0.9220

Summer 0.1410 0.9353

The annual average Tm for mid-century (RCP 4.5 and RCP 8.5) and end-century
(RCP 4.5 and RCP 8.5) are summarized in Table 7. A close observation of the values
presented for the various time slices and climate change scenarios reveal that the projections
under RCP 4.5 showed higher Tm values than RCP 8.5 for both mid and end-century on
annual basis. This pattern is not consistent with either summer or winter analysis; although
the summer for both RCP scenarios showed that the Tm increased by the end of the century
similar to the annual values, unlike winter which showed decreasing Tm by the end of the
century for RCP 8.5. Likewise, the changes in Tm relative to the past also follow similar
annual and seasonal trends for all the time slices. Similar to the case with projected changes
for Hs, the magnitude of the change between the historical time slice and the future wave
period is relatively low. The highest change projected to happen for RCP 8.5 by the end of
the century only amounts to less than a 3% increase. This seemingly insignificant change
is important as it will contribute to shaping the wave action experienced in the coastal
areas in the GoG, especially in conjunction with other indices of climate change such as
increasing water levels.

Figure 12a–c reiterates the predominantly S-SW orientation of wave in the GoG with
averages for mid-century and end-century for both RCP 4.5 and RCP 8.5 projected to be
between 180◦–235◦. In the winter, an anticlockwise shift makes the direction more southerly
oriented while a more southwesterly direction is projected for the summer (Table 9). The
usual closeness of the values for the different time slices and RCP scenarios reported for
both Hs and Tm is also observed for Dm. This similarity of Dm was tested for statistical
difference and the results are presented in Table 10 and Figure 13. The overlapping boxplots
as well as the F-values and p-values depict no significant difference. This means the Dm
follows a similar spatial distribution with very close values regardless of the climate change
scenario considered for the wave conditions in the GoG.

Table 9. Mid and end-century average extreme Dm and change relative to the past.

Time Slice RCP
Scenario

Annual
Average (◦)

Annual
Change (◦)

Winter
Average (◦)

Winter
Change (◦)

Summer
Average (◦)

Summer
Change (◦)

Mid-century
(2026–2045)

RCP 4.5 204.88 0.48 202.20 0.31 206.74 0.47

RCP 8.5 204.93 0.54 202.50 0.61 206.63 0.35

End-century
(2081–2100)

RCP 4.5 205.09 0.69 202.81 0.92 206.75 0.48

RCP 8.5 206.58 2.19 204.80 2.92 207.78 1.51

Table 10. Summary of the output ANOVA and Tukey–Kramer tests for future extreme Dm.

Period F-Value p-Value

Annual 0.2149 0.8860
Winter 0.3954 0.7564

Summer 0.1029 0.9583
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Figure 13. Boxplots showing the overlaps between Hs means for all future RCP scenarios with
blue and red boxplots representing the RCP 4.5 and RCP 8.5, respectively for (a) annual (b) winter
(c) summer.

A closer observation of the wave direction presented in Figure 12a–c shows different
bins of wave direction which correlates with the varying orientation of the coastline in
the GoG. This is merely a visual observation that does not necessarily translate to the
influence of coastline orientation on the simulated wave climate because the native spatial
resolution of the model data (1◦ × 1◦) does not support such a direct deduction. Starting
from the northwesternmost part of GoG, Cape Palmas in Liberia (P46) to San Pedro in Cote
d’Ivoire (P44), a brief uniform wave direction is seen around the eastward slope of the
cape. Eastward of this region to Takoradi in Ghana (P35) has a similar wave direction also.
The next section of the coast has rapidly varying wave direction and stretches between
Cape Coast to the Volta Delta before Togo (P34–P30). A closer look at the features in this
region of rapidly varying Dm reveals several embayed beaches with differing Dm on the
leeward and windward sides. This again is a mere visual observation of the nearby features
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and not necessarily causation of the spatial variation in Dm values. Another similar wave
direction is found between Togo and Benin Republic (P29–P25) while the next one is the
western coast of Nigeria followed by the Niger Delta, then the eastern coast of Nigeria.
The ones in the south are the Cameroon–Equatorial Guinea stretch followed by the Gabon
southernmost uniform coastline. A summary of the winter and summer maximum values
of Dm in these uniform wave direction locations is presented in Table 11.

Table 11. Average extreme Dm (winter–summer) for uniform locations in the GoG.

Time Slice Past
(1979–2005) Mid-Century (2026–2045) End Century (2081–2100)

RCP Scenario RCP 4.5 (◦) RCP 8.5 (◦) RCP 4.5 (◦) RCP 8.5 (◦)

Cape Palmas–San Pedro (P44–P46) 195.3–198.8 193.0–199.5 195.6–199.2 195.9–199.5 197.6–200.4
San Pedro to Takoradi (P35–P43) 192.8–195.8 192.1–195.8 193.4–196.1 193.6–196.6 195.5–197.3

Togo–Benin (P25–P29) 180.4–199.2 192.9–201.6 193.8–201.5 193.2–200.4 195.9–201.3
Western Nigeria (P18–P21) 205.6–213.6 207.3–212.9 208.8–214.1 211.4–214.3 211.3–214.8
Eastern Nigeria (P13–P17) 206.3–217−7 214.6–217.0 213.7–217.1 214.6–217.3 215.3–218.9

Cameroon–E. Guinea (P5–P9) 232.0–233.2 229.7–231.9 230.7–232.8 230.8–231.7 232.4–234.6
Gabon (P1–P4) 205.1–207.9 207.4–208.8 207.0–207.1 207.7–208.9 207.7–209.8

The difference between the past and future wave directions showed a general shift to
a more southwesterly orientation since all the values show increased wave directions. This
increase in wave direction is contrary to the decrease seen in the trend analysis performed
on the past wave direction previously presented in Figure 7. Note that the Mann–Kendall
test performed to test the significance of the Dm trend in Figure 7 did not show any
significance for the trend performed for the past wave direction. This confirms the possible
shift in wave direction from the current situation as seen in the past anticlockwise shift
to a clockwise shift by the end of the century. The highest changes in wave direction are
expected between the Benin Republic and Togo (P25-P29). In agreement with previous
projections by previous global studies for the change in Dm by the end of the century, a
clockwise rotation up to 2◦ should be expected along the West African coast as shown in
Table 9. This translates to a change in Dm slightly above 1% of the past wave direction.

5. Discussion
5.1. Past Extreme Wave Climate and Trends

The result presented for extreme Hs in this study is consistent with the findings
of previous studies that investigated past wave climate in the GoG. Firstly, the west-to-
east decrease in Hs reported by [22,37] in the GoG corresponded with the results of the
present study. As expected, the annual average of extreme Hs for the GoG found here is
higher than the Hs of 1.36 m estimated for the Bight of Benin for the period 1979–2012
by [45]. The average annual maximum wave period estimated in this study is 10.65 s which
when compared to the 9.6 s estimated for the annual average peak wave period by [45] is
understandably lower. This value reported by [45] is lower than the value found in this
study because the wave climate assessed in this study is extremely unlike the average wave
climate used by [45]. The annual average wave direction value of 204.39◦ estimated here
confirmed the wave direction has generally S–SW incidence as reported by [45]. A slight
seasonal variation is observed with higher values in the summer compared to the winter
suggesting more SW orientation in the summer. The results presented by [37] for the 5 days
study of the wave condition on the Cote d’Ivoire coast also confirmed values as high as
2.0 m on the Ivorian coast. [46] also reported values generally higher than 1.0 m for the
Ivorian coast similar to the values ranging between 1.4–2.0 m seen between P38–P46, in
the present study. The study by [46] in the Bight of Benin which is the coastal waters of
the western part of the GoG also reported lower values of Hs during the boreal winter.
On a regional basis, the results are within a reasonable range of findings from previous
studies such as [22,37,45,57]. In the investigation of wave energy in the mid-Atlantic, [58]
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confirmed that the values of Hs generally decrease from the west–east Hs, less than 1.2 m
were reported for the southeastern mid-Atlantic where the GoG is located. The reported
values and spatial trend of Tm are also similar though lower, as expected than the extreme
Tm found in the present study. This is because the average wave condition was presented
by [58] unlike the 99th percentile used in this study.

In the study assessing the impacts of wave dynamics on the coast of Ghana by [59], an
average value of 1.39 m was reported as the mean wave height for the Ghana coast which,
as expected, is less than the average values of 1.4–1.8 m observed around the same area
(P29–P37). Additionally, the findings of [59] confirmed that higher waves are observed in
August (summer). The peak wave period value of 10.91 s, as reported by [59], falls within
9.70–10.99 s found at this section of the GoG. The annual maxima Hs for the Keta–Volta delta
coastal area of Ghana, as reported by [60], ranged between 2.5 and −3 m. [61] confirmed
that 75% of the significant wave heights in the nearshore of the Ghana coast lie between
1 and 2 m. This agrees with the values found in the present study for both annual and
seasonal averages since the lowest and highest values of approximately 1.2 and 2.0 m were
found in the winter and summer, respectively. Additionally confirmed in this study is
the sudden decrease in wave height around the Volta–Keta axis which returned to higher
values from the Togo–Benin coast. This is seen in the results presented by [46] which also
agrees with the reported different directions of wave in this part of the Ghanaian coast.
This different orientation of waves in this region is obvious in the wave roses presented for
the eastern coast of Ghana where lower waves with relatively different directions can be
seen. This unique behavior of waves is reportedly due to the refraction they encounter as a
result of the shallowness of the delta thereby preventing them from coming to the coast
undisturbed. This deduction is strengthened by the fact that most of the points propagated
to the coast for the analysis in this study all fall within the continental shelf of the locations
being considered. As shown in Figure 14, some of the projected points off the coast of
Ghana are less than 50 km to the coast in a region with a continental shelf as wide as
85 km with a shallow depth of lesser than 200 m as seen in Figure 1. For example, the data
points propagated to the coastal locations in Cotonou, Lagos, and the cape of the Niger
Delta are less than 10 km from the coast. This suggests that despite the model’s native
spatial grid of 1◦ × 1◦, it still has points sufficiently close to the coast for coastal influence
on the wave climate. This encounter, as expected, reduces energy by interacting with the
seafloor thereby producing lower waves. This aforementioned relatively lower wave was
linked by [60] to the effectiveness of the Volta–Keta axis in providing port service before
the commencement of the Tema port (Figure 14b) in 1962. This was also noted in a study
by [57] despite relying on data from ERA-Interim which has a similar native spatial grid as
the COWCLIP data used in this study.

The low average and trend of Hs reported for the Cameroonian coast are also consistent,
to an extent, with findings in studies by [62,63] where they reported maximum and average
Hs of 0.7 and 0.27 m, respectively. However, [62] reported Hs trends of −0.001 m per year
for the Cameroonian coast which agrees with the summer general decreasing trend of
wave height in the GoG region including the Cameroonian coast. However, the values
found for the Cameroonian coast in this study are an order of magnitude less than those
in the other parts of the GoG. Additionally, this trend is not the same for both winter
and summer though on an annual average, the Cameroonian coast has been experiencing
an increase ranging from 0.00048–0.00074 m per year. The peak wave period of 12.29 s
reported by [63] is slightly higher than the estimated extreme wave period that ranged
from 10.44–11.41 s for locations between P9–P13. This disparity is most likely due to the
short spatial and temporal coverage of their study, unlike the county-wide spatial coverage
and long temporal coverage of the presented study that has averaged out such high values.
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with some notable coastal structures on the continental shelf (light blue areas close to the coast).

In the study of the extreme Hs climate in the GoG, [22] estimated the annual trend
of Hs between 1980–2016 to be 1.4 × 10−3 which is the same value found here. Similarly,
the winter trend was estimated as an increase of 1.0 × 10−3 m per year though contrary to
the slight decrease close to the coast found in this study, an increase was estimated by [22].
The disparity in results can be ascribed to the fact that this study chose specific points on
the coast whereas [22] used the whole data points in a 0.1◦ × 0.1◦ spatial resolution data
covering the entire GoG including areas off the coast. Another point worthy of note is that
the Mann–Kendal test performed to check the significance of these Hs trends presented in
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Figure 3 showed that the rate of change is significant for almost all selected points in the
GoG on annual basis. However, on a seasonal basis, only the Hs trend in winter showed a
similar significant trend whereas the summer counterpart showed statistical insignificance
in all points. Similar spatial distribution to that shown here is seen in [22] where relatively
low Tm trends are seen in the west around Cote d’Ivoire and Southwestern Nigeria.

Noticeably, points previously reported for perennial flooding such as the Mahin mud
coast around Ayetoro, Nigeria [8], P22–P25 showed a very high rate of increasing extreme
Hs which could likely translate to a more severe frequent flooding in the future. These
locations of high rates of increase in Hs can be confirmed in Figure 3 which shows the Hs
trend and its significance. This same high rate is observed for the P31–P46 which covers the
Ghana and Cote d’Ivoire coasts where severe floodings and coastal erosions have increased
over the years [41,64]. This can be linked to the already established rising sea level by
previous studies such as [8,57], and the reported increase in wave height in the region.
When the rate of change in Hs for each location during the summer was compared with
those of annual and winter trends, an interesting observation was made. It was observed
that locations with very low positive trend values during winter and for the annual analysis
around Cameroon–Equatorial Guinea (P4–P13) have the highest rates of decrease in the
summer. This suggests a possible inverse relationship, where an increase in the winter
corresponds to a decrease in the summer. Similar to what is found here, other studies
around the world that assessed trends in extreme Hs also found a higher positive trend in
winter (e.g., [65–68].

Another region of concern is the coastal areas of the Benin Republic and Togo between
P25–P31 where high seasonal fluctuation in wave direction has been found. It is worthy
of mention that despite most locations showing statistical insignificance for the Dm in
Figure 7, P29 around Lomé in this region of high seasonal fluctuation showed statistical
significance. According to [69], significant accretion and erosion can result from these
seasonal changes in average wave direction. This seemingly insignificant change in wave
direction has been projected to lead to coastal area land loss of approximately 15–20 ha/year
by [46] when coupled with other human interventions such as ports and jetties in the GoG.
Additionally, in an assessment of the response of the Bight of Benin, a part of the GoG, to
anthropogenic and natural forcing by [57], a similar deduction was made. [57] noted that
even a slight change in wave energy and wave incidence angle in the GoG will contribute
to the attenuation of transport gradients in the region since they are interdependent. The
danger is that either coastal erosion or accretion can occur depending on which of the two
is dominant during the period with the highest wave energy. In the GoG, the summer
is known to be the high wave energy season and therefore the season in which most of
the projected wave impacts will be felt. This fluctuation in wave direction has also been
reported to cause beach rotation events from a short timescale (storm duration) to the
decadal timescale [69].

5.2. Future Change in Extreme Wave Climate

As noticed in the similarity of the lines for the future time slices under different RCP
scenarios, the wave condition is more likely to experience continual changes under any
climate change circumstance. This is important in the GoG, especially with the recent rise in
the installation of coastal defense systems in countries such as Ghana. Note that the wave
climate presented in this study does not take into account the recent coastal engineering
developments but just the climate change-driven changes. Hence, a little change in the
wave climate due to climate change may show different trend when future studies take into
account these features in setting up regional wave models. This is especially important for
the wave direction in the GoG as studies have found similar impacts from the construction
of major ports such as the Lomé, Abidjan, and Cotonou [46]. Consequently, this little
disturbance has led to offsetting the morphodynamic equilibrium previously known in
the historically stable GoG. [49,50] reported significant differences between the projected
trend of mean and extreme wave conditions which is why it is important not to hastily
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conclude that the projected change in mean wave conditions is the same for extremes
globally. This may cause misrepresentation of wave climate, especially when applied
to the design of marine and coastal structures as well as in the assessment of coastal
environmental problems such as flooding and erosion. This understanding of the actual
regional changes in extreme wave climate is particularly important for the Ghanaian coast
where several coastal defense projects are being implemented to reduce the rates of loss of
the coastal communities to coastal erosion and flooding [21]. Other coastal projects noted
to be exposed to the impacts of these changes include the Eko Atlantic land reclamation
in Lagos, Nigeria [57]. This is very important for the changes in wave direction trend
found in this study with an anticlockwise shift in the past to a clockwise shift by the
end of the century. Changes in wave direction higher than 1◦ projected under RCP 8.5
reaffirms the severity of the impacts of climate change in exacerbating coastal erosions
and flooding even in places where they were not experienced in the past due to changes
in wave direction [70,71]. Of particular interest is the Benin–Togo coastal area where a
high change in wave direction up to a 10◦ clockwise shift is projected. This also happens
to be the region where a local significance was found for the change in wave direction as
shown in Figure 7. Another reason for concern is the high seasonal fluctuation of the wave
direction in this area too. The annual average Dm change value greater than 5◦ has the
lowest deviation in the summer of approximately 2◦ which peaked at almost 10◦ in the
winter. This is noteworthy because this coastal area happens to be one of the locations
where the highest change in Hs is projected to occur in the future. Hence, close observation
of this situation is important to monitor the evolution of these changes. These observations
are interesting because Cotonou in Benin was found to be experiencing erosion at a rate
of 7.3 m/yr losing about 212 m of the coast between 1979–2012 according to [45]. Going
by the future projections for the Benin–Togo coastal part of the GoG, this issue of coastal
erosion is likely to get worse if not monitored and properly managed. According to [72],
as a result of the large longshore sediment transport rates in the GoG, small deviations in
wave–shoreline gradients can cause serious local changes in sediment distribution of either
erosion or accretion.

The findings in this study are consistent with the results presented by [49,50] for the
tropical and equatorial regions of the North Atlantic Ocean where they projected weak
increasing trends in extreme Hs. Worthy of note is also the increasingly positive trend of
Hs from the average to extreme wave conditions which means that the extreme of Hs will
experience higher rates of increase than the average in the future as shown in Figure 3.
According to [70], an increase in Hs of about 3% should be expected by the end of the
century in the GoG region which agrees with the findings here of 2.04% for RCP 4.5 and
3.4% for RCP 8.5. These values have been estimated as a percentage of the difference
between annual mean Hs for the past (1979–2005) and the end century (2081–2100).

In the investigation of the Niger Delta wave climate carried out by [36], the result
showed decreasing annual and seasonal trends which were described as insignificant.
Compared to the findings here, it can be inferred that this will change in the future as
the highest change in Hs seen between P13–P21 westward signify the significant change
from the past to the future in the Niger Delta. Likewise, the Cote d’Ivoire–Ghana regions,
which have continued to experience increasing frequency of storm surges and flooding are
seen to show a high change in the future too. This implies that wave conditions should
be monitored more closely in the westernmost part of the GoG, although serious cases of
flooding have been reported even in the eastern part of the Nigerian Transgressive Mud
Coast [8]. The impacts of the strengthening of the extra-tropical storm track [73,74] as well as
the local trade winds [49] have been linked to the increasing Hs in the Southern Hemisphere.
The applicability of this impact of the extra-tropical changes in wind conditions in the
GoG has been confirmed by [45]. They reported that the equatorial fluctuation of the
Inter-Tropical Convergence Zone (ITCZ) is responsible for the variability in local wind
waves. The swell waves which are predominant in the GoG correlated with changes in the
Southern Annular Mode (SAM) which is an extra-tropical mode in the region of generation



J. Mar. Sci. Eng. 2022, 10, 1581 26 of 30

of the swell experienced in the GoG. This is expected to lead to higher swells in the GoG
since the Southwestern Atlantic Ocean is the source of the swell experienced in the GoG.

These results for the changes projected for the extreme Hs in the GoG seem insignificant
in magnitude with maximum change projected to be about a 6% increase by 2100 using
RCP 8.5. However, when the predominantly increasing trend in Hs is coupled with the
severity of sea level rise in most of the low-lying small coastal communities in the GoG,
the impacts of the small increase would be seen more inland. This is because the increased
water level has extended the reach of the wave action which is the major driver of the
coastal erosion in the predominantly sandy beaches in the GoG. Increased wave energy
due to the increase in extreme Hs in a region previously known for instability in sediment
distribution despite low energy requires close monitoring for even small changes.

The results of the trend analysis conducted in this study for the three bulk wave
parameters showed average values and trends of the same order of magnitude as those
studies at the global and regional scales. For instance, an increasing trend in wave height is
reported for most of the global ocean including the tropics where the GoG is located [75].
Though it is noted that wave heights in the tropics are generally lower than in other regions
in higher latitudes. Nevertheless, a little change in Hs in a relatively unmonitored region
can cause serious damage as seen in the increasing frequency of various unexpected storm
surges in the case of Cote d’Ivoire in 2011 [37]. This calls for continuous monitoring of the
variations in the trends of the wave parameters in the GoG. This is due to the exposure of
most of the beaches in the coastal areas in the region thereby increasing their vulnerability
to climate change.

In addition to changing storm conditions in the regions of generation of the swell seen
in the GoG, other possible contributing factors for the wave condition in the coastal area of
the GoG may be a result of the complex interaction of coastline orientation and bathymetry
in the region. This theory is supported by the fact that waves at the northwestern coastlines,
directly facing the source of waves from the South Atlantic, are higher. This is most likely
because they approach the coast unaffected by the bathymetry. Nonetheless, there are little
variations in locations with wider continental shelves such as the Volta Delta. Eastward
of this unsheltered region lies the Niger Delta, though facing the source of waves too, its
wider shelf plays a role in reducing wave energy before reaching the coast. A combination
of the sheltering due to the presence of islands such as Sao Tome and Principe as well as
Bioko and a wide shelf prevents waves from the South Atlantic from directly coming into
the Cameroon–Equatorial Guinea coast. This agrees with findings in other regions such as
the Columbia River entrance [76,77], and Aran Islands [77,78].

6. Conclusions

This study has employed the globally available wind wave database containing hind-
cast for the past (1979–2005) and 21st century forecast for the mid-century (2026–2045)
and end-century (2081–2100) under RCP 4.5 and RCP 8.5. In conclusion, the results of
this study have confirmed that the impact of climate change on the wave condition in
GoG has resulted in increasing trend in yearly and seasonal Hs, Tm and Dm. Significant
changes have been seen in the Hs in most places in the GoG though few places showed
significant change in Tm and Dm. The projection of more than 1◦ anticlockwise shift of the
wave direction is worthy of close monitoring to ascertain the implications on the resultant
longshore drift in the GoG. This changing wave climate has been linked to changes in
storms generating these waves offshore and the local effects of changing ITCZ in the region.

This trend may likely increase the frequency and severity of flooding and coastal
erosion in various locations along the coast of the GoG, and it is worthy of continuous
monitoring into the future. This is because the changing wave direction will likely shift
these coastal problems to areas that have not experienced such in the past. The coupled
effect of changing wave climate and the increased water level has been on the rise in
countries such as Ghana where the severity and frequency of storm surges have become a
perennial problem. This close monitoring is very important for the Benin–Togo coast where
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high seasonal variabilities in wave climate were seen in the past and are projected to become
more significant in the future. Being a region comprised of developing countries with low
adaptive and coping capacity, the vulnerability of the coastal dwellers to the impacts of
increasing frequency of storm surges is high. This high vulnerability to the impacts of
changing wave conditions emphasizes the need to put up an effective monitoring system
in form of buoys and early warning systems for the safety of coastal dwellers and users of
the ocean and beach resources.

Future works will focus on implementing dynamics wave models for the GoG region
to improve the results of wave climate to the coast. This will build on the knowledge of
the wave climate currently obtained from statistical downscaling of wave conditions from
global wave products. Previous studies including those by [45,57] have made use of globally
available databases and relied on empirical modeling due to the large spatial coverage of
the GoG region. This large area, coupled with the unavailability of a dedicated regional
wave institution, has contributed to the difficulty in providing high-resolution wave data
for the region. This limitation has been observed in form of several spatio-temporal non-
uniform modeling efforts on local scales in several studies in the region mostly focusing on
the northwestern part of the GoG. Success in implementing this regional wave model will
be another step closer to understanding the sediment budget of the region and properly
managing the coastal issues being faced.
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