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Abstract

Reanalysis wave datasets are essential for understanding wave conditions along the West
African coast, a region with over 350 million people and diverse economic activities.
This study evaluates the effectiveness of various datasets, including ERA5, WAVERYS,
satellite (HY-2B/HY-2C), and buoy measurements, focusing on significant wave height
(Hs). WAVERYS was found to better match in situ conditions compared to ERA5, making it
the preferred dataset for climate estimation. This study found that wave heights (Hs) of
WAVERYS in the region range from 0.5 m to 3.2 m, with waves primarily coming from the
south and southwest, having periods between 3.8 s and 25 s. Swell, originating from the
South Atlantic Ocean, dominates the wave climate, while local wind waves contribute only
about 5% to the overall sea state energy. Seasonal analysis showed that the highest waves
occur between June and September, coinciding with the South Atlantic winter and stronger
winds. The validation performed in this study confirms that the WAVERYS reanalysis can
reliably be used as a source of wave data in the Gulf of Guinea. This recommendation
is based on its consistently better agreement with the available in situ observations and
its improved representation of wave dynamics in the region. At locations where buoy
measurements exist, in situ data should remain the primary reference for site-specific
applications; however, such measurements are spatially sparse and temporally limited
across West Africa. Consequently, WAVERYS provides a practical and robust alternative
for regional-scale analyses, long-term assessments, and operational applications in areas
lacking direct observations, making it particularly valuable for coastal risk assessment,
engineering design, and marine operations in the region.

Keywords: ERA5 hindcast; satellite; sea state; significant wave height; WAVERYS

1. Introduction
Wave climate defines the long-term statistical characteristics of ocean waves in a

specific region or location [1]. It encapsulates vital parameters like wave height, wave
period, wave direction, and wave energy distribution. Understanding wave climate serves
as the foundation for predicting and mitigating the impacts of waves on coastal regions,
maritime operations, and coastal structures [2]. The significance of wave climate cuts
across various domains from maritime navigation where an in-depth grasp of wave climate
facilitates route optimization, ensuring safe and efficient passage for vessels to coastal
engineering and offshore industries that rely on wave climate data to design structures
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capable of withstanding the forces exerted by waves, storm surges, and coastal erosion [3–5].
Moreover, environmental scientists employ wave climate data to assess coastal vulnerability,
study beach erosion, and safeguard ecosystems [6,7].

In West Africa, the scarcity of wave data poses significant challenges for coastal
management and erosion assessments. This region lacks long-term, consistent wave mea-
surement systems, limiting the accuracy of coastal hazard predictions. To compensate,
researchers often rely on offshore coarse datasets [8], such as reanalysis models or satellite
data, which lack the resolution and precision needed for localized erosion studies. For
instance, these datasets fail to capture nearshore wave dynamics crucial for understanding
sediment transport and shoreline changes. Accurate and consistent wave data are essential
for effective coastal protection measures and sustainable development along West Africa’s
vulnerable coastlines [9]. In light of these considerations, the accurate estimation of wave
conditions becomes a fundamental necessity. This accuracy is indispensable for the effective
planning, design, and overall management of coastal regions. In essence, comprehending
historical wave patterns and predicting future wave behavior is vital for making informed
decisions regarding coastal development and safeguarding [10].

Understanding the wave climate within the West Africa area becomes imperative for
the sustainable management of coastal zones and the livelihoods of its coastal communi-
ties [5]. From previous studies, the evaluation of 5th Generation European ReAnalysis
(ERA5) and NCEP-NCAR reanalysis-II (NNR-II) reanalysis datasets in the marine domain
of West Africa was examined to identify the reanalysis data that best represents the wind
regimes of the sub-region for use in climate studies and ocean wave modeling [11].

Recent studies have assessed the quality of wave height and wave period from ERA5
reanalysis by comparing them to buoy measurements, which reveal several limitations
and areas for improvement [12]. For instance, ERA5 significant wave height (SWH) data
showed positive biases, indicating an overall overestimation for most locations, and a signif-
icant underestimation of maximum SWH during tropical cyclone periods, suggesting that
ERA5 data may not be reliable for design applications without site-specific validation [13].
Furthermore, while ERA5 was consistent with the annual mean SWH, its performance for
the average wave period was less accurate, particularly in shallow water areas. Similarly,
Sun et al. highlighted the limitations of ERA5 by comparing it with Sentinel-1 SAR ocean
wave spectra and NDBC buoy data, noting discrepancies in the spectral values and pre-
senting RMSE and bias values that indicated the need for improvement in ERA5’s wave
height estimations [14]. Steinkopf et al. emphasized the improvements in ERA5 over
ERA-Interim for climate investigations in Africa, particularly in reducing wet biases and
better representing the annual precipitation cycle, although their study did not specifically
address coastal regions [15].

In the context of West Africa, Almar et al. [16] and Angnuureng et al. [8] investigated
coastal changes and erosion management using various satellite and reanalysis data, but
their findings suggested that employing reanalysis from the Copernicus Marine Environ-
ment Monitoring Service (CMEMS) known as WAVERYS could yield better results [8,13,17].

Although ERA5 and WAVERYS are widely used reanalysis products, their relative
performance over the West African coastal region has not been systematically assessed.
Existing studies in the region tend to rely on a single dataset or apply these products
independently, without a direct, side-by-side evaluation of their ability to represent wave
climate characteristics under the same spatial and temporal framework. As a result, there
is limited understanding of the uncertainties and potential biases introduced by dataset
choice in West African wave studies. This gap motivates the present study, which provides
a focused comparison of ERA5 and WAVERYS over West Africa to clarify their differences
and added value for regional wave climate analysis.
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The main aim of this paper is to therefore assess two global wave datasets at a sub-
regional scale and determine their suitability for coastal studies. This research would
focus on region-specific evaluations that directly compare ERA5 and WAVERYS datasets to
validate and guide the selection of the appropriate dataset for coastal studies in West Africa.
This study encompasses the estimation of wave conditions based on the “best” reanalysis
dataset. The wave climate analysis for this research covers a 30-year period, spanning from
1993 to 2022, and is based on both wind sea and swell waves, providing a comprehensive
understanding of the wave dynamics in the study region.

2. Study Area
The geographic scope of this study encompasses the coastal regions of multiple West

African nations, including Ivory Coast, Ghana, Togo/Benin, and Nigeria. It extends to
cover the area between 5◦ N and 20◦ S latitude and 20◦ W and 10◦ E longitude within this
region. West Africa faces significant environmental challenges, particularly in its coastal
zones, due to climate change impacts such as flooding, wave overtopping, coastal erosion,
and sea-level rise. Wave overtopping, where seawater breaks over barriers due to powerful
wave action during storms or high tides, also poses a growing threat. Wave heights can
reach over 3 m during extreme events, leading to severe flooding and infrastructure damage.
Coastal erosion, accelerated by human activities such as sand mining and deforestation,
further compounds these issues, with some regions experiencing erosion rates of up to 30 m
per year [18]. Sea-level rise, driven by global warming, exacerbates all these challenges.
With projections of up to 1 m of sea-level rise by the end of the century, West Africa’s
coastal cities face the risk of permanent inundation and displacement of millions [18].
These interlinked environmental hazards are largely exacerbated by lack of knowledge of
the wave conditions experienced in these low-to-middle-income countries. This demands
concrete and adaptive measures, including quality data presentation, better urban planning,
infrastructure investment, and coastal management.

With regard to the legend in Figure 1, the position of the buoy that was used for the
comparative assessment is indicated. Also, Ivory Coast, Ghana, Togo/Benin and Nigeria
were the points where the wave climate estimation was based to represent the entire stretch
of West African coast. This is because the West African coast is commonly represented by
Ivory Coast, Ghana, Togo/Benin, and Nigeria in discussions concerning wave conditions
because of their physical continuity along the Gulf of Guinea, shared coastal features, and
shared oceanographic impacts [19,20].
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Figure 1. Map of the study area, highlighting key geographical features, including the location of the
buoy, which is used as a reference, and relevant data collection points used in the analysis.

3. Materials and Methods
3.1. Reanalyses

ERA5 and WAVERYS share several fundamental characteristics that make them di-
rectly comparable for wave climate analysis. Both are global reanalysis products derived
from numerical wave models constrained by extensive satellite data assimilation, and both
provide consistent long-term records of key wave parameters, including significant wave
height, wave period, and wave direction. After harmonizing their spatial and temporal
resolutions, the two datasets represent the same physical wave processes over a common
period, ensuring that similarities in their outputs reflect comparable model physics and
observational constraints rather than differences in data structure. This common frame-
work provides a robust basis for assessing their relative performance and consistency in
representing wave conditions along the West African coast.

3.1.1. European Centre for 5th Medium-Range Weather Forecasts (ECMWF) Reanalysis
(ERA5) Hindcast

The European Centre for Medium-Range Weather Forecasts’ fifth-generation reanalysis
(ERA5) provides a high-resolution, global reconstruction of atmospheric, wave, and oceanic
conditions from 1950 onward. It is generated by assimilating a vast suite of historical
observations, including satellite data, into advanced numerical models.

For this study, hourly wave parameters, which include significant wave height (Hs),
period, and direction, were extracted for the period January 1993 to December 2022. The na-
tive spatial resolution of the dataset is approximately 0.5◦ (~50 km). To ensure a consistent
and equitable comparison with the higher-resolution WAVERYS dataset, the ERA5 data
underwent spatial and temporal preprocessing. The temporal resolution was first interpo-
lated to a 3 h timestep. Subsequently, the spatial grid was downscaled from 0.5◦ to 0.2◦

using bilinear interpolation, aligning it with the WAVERYS grid [3,21]. This downscaling
approach, chosen for its suitability for smoothly varying wave fields, preserves large-scale
gradients while minimizing interpolation artifacts that could arise from upscaling the
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finer-resolution data. A land–sea mask from WAVERYS was applied post-interpolation to
eliminate spurious values over land.

3.1.2. WAVERYS

WAVERYS is a global wave reanalysis product from the Copernicus Marine Service,
covering the period from 1993 onward. It is produced by a numerical wave model that incor-
porates wave–current interactions, forced by 3-hourly surface currents from the GLORYS
ocean reanalysis, and assimilates satellite altimeter wave data.

The dataset provides essential wave parameters, such as Hs, at a 3-hourly temporal
resolution. Its spatial resolution was 0.2◦ (~20 km) from 1993 to 2020 and was enhanced
to 0.083◦ (~8 km) from 2021 to 2022. For consistency across the entire analysis period, the
WAVERYS data was regridded to a uniform 0.2◦ resolution, which served as the reference
grid for all comparative analyses.

3.2. Measurements/Observations/Validation Data
3.2.1. HY-2B and HY-2C Satellites

Along-track significant wave height (Hs) data from the HaiYang-2B (HY-2B) and
HaiYang-2C (HY-2C) satellite altimeters were used for independent validation. These
near-real-time mono-mission data, covering January 2021 to December 2022, feature an
along-track resolution of approximately 7 km. The altimeter records were calibrated against
in situ buoy measurements, and a filtering process was applied along the satellite ground
tracks to minimize noise [22].

A key rationale for selecting HY-2B/2C data is that, unlike data from missions such as
TOPEX/Poseidon, Jason series, or Sentinel-3 [17], they had not been assimilated into either
the ECWAM (ERA5) or MFWAM (WAVERYS) wave models at the time of this study. Their
use thus provides a fully independent assessment of model performance [23].

3.2.2. Buoy Observation

In situ wave data for model validation were sourced from a buoy deployed at
the AKPO oil platform, located approximately 130 km offshore Nigeria in deep waters
(6.8224◦ E, 3.1398◦ N). The buoy recorded hourly significant wave height (Hs) and other
sea state parameters from May 2003 to April 2004. To align with the temporal resolution of
the reanalysis datasets [20], these hourly records were linearly interpolated to a 3-hourly
timestep. Furthermore, to mitigate representativeness errors inherent in point-to-grid
comparisons, the reanalysis data were bilinearly interpolated from their native grid (whose
nearest point was ~20–25 km from the buoy) to the exact buoy coordinates. This spatial
interpolation reduces biases from spatial mismatches, ensuring a more accurate validation
against conditions at the in-situ site.

3.3. Data Pre-Processing and Comparative Framework

The core comparative analysis focused on significant wave height (Hs). A unified
spatiotemporal framework was established to enable direct comparison between datasets.
All data were aligned to a 3-hourly temporal resolution and a common 0.2◦ spatial grid,
with WAVERYS serving as the spatial reference.

For satellite validation, reanalysis Hs values were extracted from the model grid
cell containing the altimeter footprint for each HY-2B/2C along-track point. For buoy
validation, Hs time series were extracted from the reanalysis grid point closest to the
buoy location.

The validation strategy employed two distinct datasets due to availability constraints:
the 2003–2004 buoy record was used for a historical evaluation, while the 2021–2022 HY-
2B/C altimetry was used for a modern calibration period. This approach introduces a
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temporal mismatch but was necessitated by the lack of long-term, unassimilated in situ
data for the region. It is acknowledged that the offshore location of the buoy (~130 km from
shore) limits inferences regarding model skill in near-coastal zones, meaning that the results
primarily reflect the performance of the reanalyses in offshore conditions. Furthermore,
while the regridding of ERA5 was carefully conducted and confirmed not to introduce
systematic biases, it inherently smooths sharp gradients and does not add new small-scale
physical information.

4. Results and Discussions
4.1. Comparison of WAVERYS and ERA5 Significant Wave Height

In this section, results of the comparison of WAVERYS and ERA5 with satellite and in
situ buoy data were used to validate the one that best described the West African coast. To
do this, graphical tools such as the scatter plot and quantile-quantile diagrams, and metrics
such as correlation coefficient (CR), mean bias, root mean square error (rms), relative error
(RE), and scatter index (SI) were employed.

4.1.1. Comparison of WAVERYS and ERA5 Significant Wave Height Based on Satellite Data

Figure 2a represents a scatter plot of WAVERYS Hs (m) against HY-2B/HY-2C Hs
(m) with linear regression fit, and ERA5 Hs (m) against HY-2B/HY-2C Hs (m) with linear
regression line. The closeness of points clustered around the linear regression line is
observed in both graphs. Even though both graphs in Figure 2a shows a strong relationship
to the Hs of HY-2B/HY-2C, the gradient of linear regression line for WAVERYS is closer to
the reference line (y = x) than for ERA5, indicating that the Hs of WAVERYS is closer to the
altimeter observations.

Figure 2. Cont.
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Figure 2. (a) A scatter plot of Hs of WAVERYS/ERA5 against Hs of HY-2B/HY-2C with regression
line. (b) Quantile distribution of Hs of WAVERYS/ERA5 against Hs of HY-2B/HY-2C.

A quantile-quantile (QQ) plot (Figure 2b) was used to assess how the distribution of
ERA5 and WAVERYS Hs is close to that of satellites HY-2B/HY-2C. Figure 2b suggests that
both the WAVERYS and the ERA5 followed the line of equality despite the little deviation
at the tails of the graph (Hs < 0.5 m). It can also be observed that the quantile of ERA5
deviates at Hs > 2.5 m, while that of WAVERYS deviates at Hs > 3.2 m. The Hs of WAVERYS
is in line with HY-2B/HY-2C. The graphical analysis shows that WAVERYS and ERA5
display low biases, and the scatter indexes remain low. This shows that there is a good
agreement between Hs from these two datasets and altimeter observations. Between the Hs
from WAVERYS and that from ERA5, the former, however, shows the best scores, and thus
the smallest bias, SI, RE and greater correlation coefficient (Table 1). We can conclude that
the Hs from WAVERYS best matches the Hs from the HY-2B/HY-2C satellites as compared
to ERA5.

Table 1. Metrics on qualitative analysis between Hs of HY-2B/HY-2C against WAVERYS and ERA5,
respectively.

Scores WAVERYS ERA5

Mean Bias/m 0.0306 0.0419
Relative Error, RE 6.0371 8.3682

Root Mean Square Error, RMSE/m 0.1076 0.1444
Scatter Index, SI/% 7.4880 10.0480

Correlation Coefficient, CR 0.9598 0.9245

Figure 3 is the time series plot of Hs of buoy, WAVERYS and ERA5. Over a year, the
Hs recorded by the buoy, WAVERYS and ERA5 at an interval of three hours is consistent in
patterns but varies in magnitude. It can be seen that buoy data is underpredicted by both
WAVERYS and ERA5. The buoy data is higher in Hs (m).
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Figure 3. A time series plot of Hs of buoy, Hs of WAVERYS and Hs of ERA5.

4.1.2. Comparison of WAVERYS and ERA5 Significant Wave Height Based on Buoy Data

As in the satellite data, the buoy measurements were plotted against WAVERYS Hs and
ERA5 Hs (Figure 4) as a scatter plot with linear regression fit and y = x. The figure shows
that Hs are clustered around the regression line for both graphs. Both Hs of WAVERYS
and ERA5 match well with the Hs of buoy. Even though both graphs (a) and (b) show a
strong relationship to the Hs of buoy, the linear regression line for WAVERYS is closer to
the equality line than for ERA5, indicating that the Hs of WAVERYS is further closer to the
observations. While WAVERYS data is about 85% comparable to the buoy data, only 76%
of ERA5 data is comparable to the buoy measurements.
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Figure 4. A scatter plot of (a) Hs of WAVERYS against the buoy data, (b) Hs of ERA5 against Hs of
buoy with regression line (red).
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Hs quantiles of WAVERYS and ERA5 were assessed against Hs quantiles of buoy
as presented in Figure 5. Both the WAVERYS and the ERA5 closely follow the line of
equality despite a little deviation around the regions of Hs~0.6 m. Both data performed
well between Hs~0.9 m and Hs~1.5 m. It can, however, be observed that ERA5 deviated
from the buoy results at values of Hs~1.7 m, while that of WAVERYS deviated at Hs~2.4 m.
Given that the average Hs within the West Africa region is about 1.2–1.7 m, ERA5 will
always introduce enormous biases compared to that of WAVERYS. These results are also
confirmed by the metrics in Table 2.
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Figure 5. A quantile-quantile plot of Hs of buoy against Hs of ERA5/WAVERYS.

Table 2. Metrics on qualitative analysis between Hs of Buoy against Hs of WAVERYS and ERA5.

Scores WAVERYS ERA5

Mean Bias/m 0.0268 0.0040
Relative Error 8.7859 8.8829

Root Mean Square Error, RMSE/m 0.1248 0.1287
Scatter Index, SI/% 10.9362 11.2763

Correlation Coefficient, CR 0.9137 0.9057

Focusing on the significant wave height, Hs, qualitative and quantitative analyses
showed that WAVERYS is closer to both HY-2B/HY-2C and the buoy. From the above
analysis, it can be concluded that West Africa wave conditions are best described by the
WAVERYS dataset. Several factors may explain these results, notably the finer spatial
resolution of WAVERYS and the fact that it includes wave–current interactions, and also,
WAVERYS assimilates more satellite data as compared to ERA5.

4.2. Assessment of Wave Climate in West Africa Based on WAVERYS Hindcast Data

This study estimated the wave climate of West Africa based on the WAVERYS hindcast
data since it was confirmed to perform better in the West Africa region. In this section, (1) the

https://doi.org/10.3390/coasts6010008

https://doi.org/10.3390/coasts6010008


Coasts 2026, 6, 8 10 of 27

statistical description of global sea state (combined wind sea and swells) was proposed by
considering Hs, wave period, and mean wave direction; (2) statistical description of sea
state partitions (wind sea and swells); (3) seasonal variability and (4) interannual variability.
The countries Ivory Coast, Ghana, Togo/Benin and Nigeria were the points where more of
the analysis was focused. This is because the West African coast is commonly represented
by Ivory Coast, Ghana, Togo/Benin, and Nigeria in discussions concerning wave conditions
because of their physical continuity along the Gulf of Guinea, shared coastal features, and
shared oceanographic impacts [24–27]. When examining regional wave conditions, it is
essential to take into account both the oceanic elements and the coastal topography of these
countries because they both contribute to similar wave patterns [22].

4.2.1. Marginal Distributions of Sea State Parameters (Combined Swells and Wind Sea)

A marginal distribution of global significant wave height, with Fitted Probability Den-
sity Distribution Functions (PDFs) for the selected countries, is presented in Figure 6a–d,
which depict the countries of Ivory Coast, Ghana, Togo/Benin, and Nigeria, respectively.
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Figure 6. Marginal distribution of Hs off (a) Ivory Coast, (b) Ghana, (c) Togo/Benin and (d) Nigeria.
Red curves represent the distribution of Probability Density Functions.

The significant wave height of the waves arriving at the coast of West Africa based on
the four points is between 0.5 m to 3.1 m. The probability distribution function (pdf) fitting
curve suggests a unimodal peak, which is the average mean Hs of the waves coming to the
coast of West Africa and is around 1.3 m.

The minimum and maximum values as well as the 50 and 90 quantiles of Hs are shown
in Table 3. The minimum Hs was recorded as 0.52 m, which occurred in Nigeria, followed
by Togo/Benin with 0.54 m with Ghana and Ivory Coast with 0.57 m. The highest Hs was
recorded as 3.22 m at Togo/Benin. Amongst these countries, the mean Hs was 1.3 m with
10% of the waves coming to the coast of these regions being greater than Hs of 1.7 m.
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Table 3. Summary of combined wind sea and swell Hs (combined swell and wind sea Hs) of Figure 6.

Statistical Analysis Ivory Coast Ghana Togo/Benin Nigeria

Minimum Hs value (m) 0.57 0.57 0.54 0.52
Maximum Hs value (m) 3.18 3.04 3.22 3.04

Mean Hs value (m) 1.35 1.32 1.33 1.31
Modal Hs value (m) 1.22 1.18 1.26 1.15

50% quantile value (m) 1.32 1.29 1.30 1.26
90% quantile value (m) 1.80 1.73 1.76 1.77

A histogram with a probability density curve was plotted to depict the wave peak
period, Tp, of WAVERYS data for the selected regions. Figure 7 is a marginal distribution
of wave peak period, Tp with a density curve. Figure 7a–d depict the analysis for the
countries Ivory Coast, Ghana, Togo/Benin and Nigeria, respectively.
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Figure 7. Histogram with fitted probability distribution functions of Tp for (a) Ivory Coast, (b) Ghana,
(c) Togo/Benin and (d) Nigeria. Red curves represent the distribution of Probability Density Functions.

Across the four regions, the Tp distribution was between 4 and 25 s. The PDF curve
depicted that the majority of Tp across these regions (mean Tp) is around 12 s with the
most frequent occurring, modal Tp around 13 s, which explains a stable Tp occurrence.

From the statistics presented in Table 4, the range at which the wave period Tp
occurred was between 3.59 s and 25.61 s. The minimum Tp, which was 3.59 s, occurred in
Nigeria and corresponds to when the lowest Hs was recorded (0.52 m), and the maximum
Tp, 25.61 s, also occurred in Togo/Benin, which also corresponds to when the highest Hs
was recorded (3.22 m). The average Tp was estimated to be 12.81 s.
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Table 4. Summary of histogram with PDF of Tp for Figure 7.

Statistical Analysis Ivory Coast Ghana Togo/Benin Nigeria

Minimum Tp value (s) 4.09 3.83 4.06 3.59
Maximum Tp value (s) 24.03 25.39 25.61 25.06

Mean Tp value (s) 12.55 12.78 12.85 13.07
Modal Tp value (s) 13.08 13.04 13.03 13.23

50% quantile value (s) 12.49 12.75 12.80 12.97
90% quantile value (s) 15.75 15.84 15.89 15.98

Figure 8a–d are the combined mean wind sea and swell wave directions for the coun-
tries Ivory Coast, Ghana, Togo/Benin and Nigeria, respectively, indicating the direction
from which the waves are coming.

The waves in these countries primarily originate from the south and southwest of
the Atlantic Ocean. This is because the wave climate along the coast of West Africa is
predominantly influenced by swell waves, which are generated hundreds of kilometers
away in the southern Atlantic. The impact of waves from the southwest is also attributed to
locally generated wind seas; however, their influence is minimal compared to the dominant
swell waves. Also, both waves with high and low Hs are coming from the same direction.

Figure 8. Cont.
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Figure 8. Directional rose of wave off Ivory Coast (a), Ghana (b), Togo/Benin (c) and Nigeria (d).

4.2.2. Marginal Distribution of Wind Sea and Swells

Sea states are mostly composed of several superimposed wave systems, each with
its own contribution to the total energy. For some coastal applications such as coastal
defense design or erosion, one needs to estimate separately long-term statistics of wind sea
(generated by local wind) and swell (generated by distant storms). In addition to global
sea state parameters (combined wind sea and swell), WAVERYS also provides significant
wave height, peak period and sea direction of wind sea and swells separately. This makes
it possible to estimate wave climate in greater detail.

Figure 9 presents the marginal distributions of swell and wind sea Hs across Figure 9a
Ivory Coast, Figure 9b Ghana, Figure 9c Togo/Benin and Figure 9d Nigeria, using his-
tograms and fitted probability density functions (PDFs). The swell Hs for all the locations
shows unimodal distributions, indicating stable wave climates with most wave heights
around 1.1 m and can reach 2.5 m. In contrast, wind sea Hs plots are more skewed, with
heavy tails suggesting the presence of occasionally “high” waves. Wind sea Hs values are
significantly lower than swell values (see Table 5), indicating that sea states in West Africa
are clearly dominated by swells in terms of energy.

Table 5. Summary of the swell and wind sea wave conditions.

Statistical Analysis
Ivory Coast Ghana Togo/Benin Nigeria

Swell Wind Sea Swell Wind Sea Swell Wind Sea Swell Wind Sea

Min. Hs (m) 0.25 0.05 0.26 0.05 0.30 0.05 0.29 0.05
Max. Hs (m) 3.15 1.60 3.03 1.57 3.22 1.70 3.03 1.72
Mode Hs (m) 1.20 0.07 1.10 0.21 1.02 0.21 1.10 0.05

50% Hs quantile (m) 1.23 0.21 1.17 0.29 1.18 0.29 1.17 0.21
90% Hs quantile (m) 1.72 0.48 1.66 0.59 1.67 0.61 1.69 0.53
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Figure 9. Hs of swell and wind sea off (a) Ivory Coast, (b) Ghana, (c) Togo/Benin and (d) Nigeria.
Red curves represent the distribution of Probability Density Functions.

Figure 10 shows the direction of swells and wind sea. Majority of the wind sea coming
to this region is from the Southwest, while the majority of the swell waves coming to this
region is from the South.

The directional analysis of wave conditions (Figure 10) provides valuable insights
into the wave climate across West Africa. The wind sea predominantly arrives from the
Southwest, indicating the influence of local wind patterns in generating short-period waves.
Meanwhile, the swell waves primarily come from the South, reflecting the influence of dis-
tant weather systems, likely from the Southern Hemisphere, generating long-period waves.
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(i) Ivory Coast

(ii) Ghana

(iii) Togo/Benin

Figure 10. Cont.
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(iv) Nigeria

Figure 10. Directional rose for mean Hs for (a) wind sea and (b) swell for (i) Ivory Coast, (ii) Ghana;
(iii) Togo/Benin and (iv) Nigeria.

4.2.3. Seasonal Variability of Combined Wind Sea and Swell Significant Wave Height

This section discusses seasonal variability in ocean wave conditions, highlighting how
it is tied to predictable changes throughout the year in the West African region. Seasonal
variation in factors like wind, currents, and weather plays a crucial role in maritime
activities. Additionally, this study provides a 30-year seasonal wave pattern in West Africa
from 1993 to 2022.

Analysis of the entire West Africa region of Hs was examined to see how the wave
conditions vary with respect to seasonal changes. Figure 11 is an averaged monthly map of
the global Hs for the duration of 1993 to 2021. It depicts how the global Hs varies according
to month.

Figure 11. Monthly mean of combined wind sea and swell Hs for the duration of 1993 to 2022.
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It can be observed that, in the months of July and August, the global Hs is very high.
Even at the coast of this region, Hs of 1.8 m on average is obtained in the month of August,
whereas, for January and February, only 1.4 m is obtained in the same area.

Figure 12 is a monthly distribution of Hs with the monthly mean curve for the four
selected regions for the duration of January 1993 to December 2022.

 
Figure 12. Monthly distribution of combined wind sea and swell significant wave height (Hs) off
(a) Ivory Coast, (b) Ghana, (c) Togo/Benin, and (d) Nigeria. Blue dots represent individual Hs
observations, boxplots show the variability of Hs, and red markers indicate the monthly mean Hs.

Across all the seasons, there is a clear seasonal trend where wave heights increase
during the summer months, particularly in June, July and August, and decrease in the
winter months, especially in January and December.

Monthly medians and seasonal trends are similar across regions, but Ivory Coast and
Nigeria show slightly higher median values during peak months. Ivory Coast also has
the highest overall range, with a maximum wave height of 1.48 m, while Ghana records
the lowest maximum at 1.40 m, suggesting regional differences in exposure or topography.
Median values are highest in Ivory Coast (1.24 m) and lowest in Ghana and Nigeria (1.18 m),
while 90% quantiles range from 1.39 m in Ghana to 1.46 m in Ivory Coast, indicating similar
conditions across regions for most wave heights, with Ivory Coast experiencing more
frequent higher waves.

4.2.4. Seasonal Variability of Wind Sea and Swells

Seasonal variability analysis of the wave partitions (swell and wind sea) was also
examined.

Maps depicting the seasonal variation in swell and wind sea Hs for the entire West
Africa region were analyzed to see how they contribute to the global wave height variability.
Figure 13 shows the average monthly mean of significant wave height of wind sea for the
period January 1993–December 2022. The highest Hs of it was recorded in the months of
June, July, and August with mean Hs of 0.4 m even in the coastal regions of West Africa. In
the months of December, January, and February, the wind sea at the coastal regions is very
low with Hs of 0.1 m on average.
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Figure 13. Monthly distribution of mean wind sea Hs off West Africa for the duration of 1993 to 2022.

Furthermore, monthly box plots with their mean curve were plotted for the four
regions in Figure 14.

Figure 14. Seasonal variation in wind sea Hs of (a) Ivory Coast, (b) Ghana, (c) Togo/Benin and
(d) Nigeria. Blue dots represent individual wind sea Hs observations, boxplots show the variability
of Hs, and red markers indicate the monthly mean wind sea Hs.

The minimum wind sea Hs values are relatively low across all regions, with Ivory
Coast and Nigeria having the lowest minima at 0.07 m and 0.08 m, respectively. Maximum
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wind sea Hs values range from 0.36 m in Ivory Coast to 0.45 m in Togo/Benin, indicating
limited variability and low wave energy across these regions. The median wind sea Hs are
also modest, with Ghana having the highest median at 0.29 m, followed by Togo/Benin
at 0.28 m. This suggests that typical wave conditions are generally calm, especially in
Ivory Coast and Nigeria, which have medians of 0.17 m and 0.14 m, respectively. The
90% quantile values, representing the height below which 90% of the wave heights fall,
vary across regions, with the highest values in Togo/Benin (0.44 m) and Ghana (0.37 m),
indicating slightly higher wave conditions in these areas compared to Ivory Coast (0.33 m)
and Nigeria (0.40 m).

Figure 15 shows the average monthly mean swell significant wave height (Hs) for
the period January 1993 to December 2022. Swell wave heights along the West African
coast exhibit a pronounced seasonal cycle, with maximum monthly mean values occurring
between June and September, when coastal swell Hs reaches approximately 1.4 m. In
contrast, the lowest swell wave heights are observed during December, January, and
February, with monthly mean Hs decreasing to about 0.6 m. This seasonal pattern is
consistent across the region over the study period.

Figure 15. Monthly distribution of mean swell Hs off West Africa for the duration of 1993 to 2022.

Figure 16a–d presents the monthly distribution of swell significant wave height (Hs) for
Ivory Coast, Ghana, Togo/Benin, and Nigeria respectively. All four locations exhibit a clear
seasonal cycle, with swell Hs increasing from June and reaching maximum values between
July and September. The monthly medians and overall seasonal patterns are broadly
consistent across the countries. However, Ivory Coast and Nigeria show slightly higher
median swell heights during the peak months. Ivory Coast records the largest variability,
with a maximum swell Hs of 1.48 m, whereas Ghana shows the lowest maximum value
of 1.40 m. Median swell heights range from 1.18 m in Ghana and Nigeria to 1.24 m in
Ivory Coast, while the 90% quantiles vary between 1.39 m (Ghana) and 1.46 m (Ivory
Coast), indicating generally similar swell conditions across the region, with relatively more
frequent higher swell events along the Ivory Coast.
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Figure 16. Seasonal variation in swell Hs of (a) Ivory Coast, (b) Ghana, (c) Togo/Benin and (d) Nigeria
Blue dots represent individual swell Hs observations, boxplots show the variability of swell Hs, and
red markers indicate the monthly mean swell Hs.

4.2.5. Interannual Variability of Wave Conditions in West Africa

Interannual variability refers to fluctuations in atmospheric, oceanic, or climatic con-
ditions that occur from one year to another, driven by natural cycles. To describe the
interannual variability of wave conditions of West Africa, global significant wave height,
Hs anomaly, was plotted for the countries of Ivory Coast, Ghana, Togo/Benin, and Nigeria
and is illustrated in Figure 17a–d.
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Figure 17. Annual anomaly plot of global Hs (a–d) off Ivory Coast, Ghana, Togo/Benin, and Nigeria,
respectively.
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These anomalies depict the deviations of wave heights from their long-term averages,
highlighting interannual variability, which reveal notable similarities and differences in
wave climate patterns over time. All the countries show alternating periods of positive
and negative anomalies with no clear long-term trend. All countries experience moderate
variability, with more consistent positive anomalies, particularly in recent years, suggesting
an overall trend of increasing anomalies compared to the baseline. This could indicate a
shift toward higher wave heights or changes in wave dynamics. The anomaly rates for the
countries are 0.002005 m/year, 0.0015208 m/year, 0.0015992 m/year, and 0.0022197 m/year
for Ivory Coast, Ghana, Togo/Benin and Nigeria, respectively.

5. Discussions
The marginal distributions of sea state parameters along the West African coast reveal

a wave climate that is strongly dominated by swell energy, with relatively moderate
variability across Ivory Coast, Ghana, Togo/Benin, and Nigeria. The combined wind sea
and swell significant wave height (Hs) ranges from approximately 0.5 m to just above
3.0 m, with a clear unimodal probability density function centered around a mean value of
about 1.3 m. This unimodal structure suggests a stable and persistent wave regime, where
most incoming waves fall within a narrow range of heights, consistent with earlier regional
studies of the Gulf of Guinea wave climate [16,28].

Despite the overall similarity in mean conditions across the four locations, regional
contrasts are evident in the extremes. The lowest Hs values were observed in Nigeria
(0.52 m) and Togo/Benin (0.54 m), while the highest wave heights occurred in Togo/Benin
(3.22 m). Approximately 10% of waves exceed 1.7 m across all regions, indicating that,
although extreme events are relatively infrequent, they remain relevant for coastal risk
assessment and engineering design. These findings align with the understanding that swell-
dominated coasts tend to experience fewer but more coherent energetic events compared
to wind-sea-dominated environments [29].

Wave period statistics further reinforce the dominance of swell processes along the
West African coastline. Peak wave periods (Tp) span a wide range, from about 4 s to over
25 s, but cluster strongly around mean and modal values of approximately 12–13 s. The
coincidence of the longest periods (25.61 s) with the highest wave heights in Togo/Benin
and the shortest periods with the lowest wave heights in Nigeria reflects the contrasting
influence of distant swell systems versus locally generated wind seas. Long-period swells
are typically associated with powerful storms in the Southern Ocean and South Atlantic,
propagating thousands of kilometers toward the Gulf of Guinea with minimal energy
loss [30]. The directional consistency was observed, where both low and high Hs waves ar-
rive predominantly from the south to southwest, which further supports the interpretation
that the regional wave climate is controlled primarily by remote forcing rather than local
wind variability.

Separating the wave field into wind sea and swell components provides additional
insight into the energy balance of the system. Swell Hs distributions at all locations exhibit
unimodal behavior with typical values around 1.1 m and maxima approaching 2.5 m,
confirming a relatively steady swell climate. In contrast, wind sea Hs distributions are
more skewed and characterized by heavier tails, indicating occasional short-lived energetic
events driven by local winds. However, wind sea heights remain substantially lower
than swell heights across all regions, highlighting the overwhelming contribution of swell
energy to total sea state conditions. This clear swell dominance is a defining feature of
the West African coast and has been widely documented in observational and modeling
studies [16,31].
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Directional analysis corroborates these findings, showing that wind seas predomi-
nantly arrive from the southwest, reflecting local wind forcing over the Gulf of Guinea,
while swells approach mainly from the south, consistent with Southern Hemisphere storm
tracks. The persistence of this pattern across all four countries suggests that large-scale
atmospheric circulation exerts a uniform control on wave propagation toward West Africa,
whereas local winds modulate only the higher-frequency, lower-energy components of the
wave spectrum.

Seasonal variability introduces an additional layer of complexity to the regional wave
climate. Monthly climatologies of combined wind sea and swell Hs reveal a pronounced
seasonal cycle, with wave heights peaking during boreal summer (June–August) and
reaching minima during boreal winter (December–February). Average coastal Hs values
increase from approximately 1.4 m in January–February to about 1.8 m in August. These
seasonal fluctuations are consistent with intensified Southern Hemisphere westerlies during
austral winter, which enhance swell generation in the South Atlantic and subsequently
increase wave energy reaching the West African coast [28,29].

During peak summer months, wave heights not only increase in magnitude but also
exhibit greater variability, as indicated by wider interquartile ranges and more frequent
outliers. This suggests a more dynamic wave environment, potentially linked to increased
storm activity and variability in swell generation [30]. Although seasonal medians are
broadly similar across the four regions, Ivory Coast and Nigeria show slightly higher medi-
ans and upper-quantile values during peak months, implying differences in exposure, shelf
geometry, or coastal orientation. Such regional contrasts are important for understanding
localized erosion hotspots and differential coastal vulnerability [32].

When examined separately, wind sea and swell components display distinct seasonal
behaviors. Wind sea Hs remains relatively low throughout the year, with monthly means
generally below 0.4 m, even during peak months. Two annual peaks are observed: a
smaller one around March and a more pronounced peak in July–August. These peaks
are closely linked to the seasonal migration of the Intertropical Convergence Zone (ITCZ),
which modulates wind strength over the Gulf of Guinea. As the ITCZ moves northward in
boreal spring and reaches its northernmost position in late summer, enhanced wind speeds
generate slightly higher wind seas. Conversely, when the ITCZ is positioned over the Bight
of Benin, weaker winds result in reduced wave activity and calmer sea states [16].

In contrast, swell Hs exhibits a stronger and more coherent seasonal signal, with
peak values occurring between June and September and monthly means reaching approxi-
mately 1.4 m along the coast. This timing coincides with austral winter, when intensified
winds over the South Atlantic generate long-period swells that propagate toward West
Africa. Minimum swell heights, around 0.6 m, occur during December–February, reflecting
reduced swell energy during austral summer. The similarity of seasonal swell patterns
across all countries underscores the regional-scale control exerted by Southern Hemisphere
atmospheric circulation, although Ivory Coast consistently exhibits slightly higher medians
and extremes, possibly due to its orientation relative to incoming swell directions.

Beyond the pronounced seasonal cycle, interannual variability in wave conditions
provides further insight into long-term fluctuations and the influence of large-scale climate
forcing along the West African coast. Anomalies of significant wave height relative to long-
term means exhibit alternating positive and negative phases across Ivory Coast, Ghana,
Togo/Benin, and Nigeria, with no clear monotonic trend over the study period. However, a
tendency toward more frequent positive anomalies in recent years is evident, with estimated
anomaly rates ranging from approximately 0.0015 to 0.0022 m/yr. Although these rates
are relatively low, their cumulative effect over decadal timescales may be important for
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coastal processes that are highly sensitive to wave energy, including shoreline erosion and
sediment transport [10].

A notable feature of the interannual variability is the pronounced negative anomaly
observed around 2005 (Figure 17), which is coherent across all four coastal sectors and
indicates a temporary reduction in wave energy relative to the long-term mean. This dip
is consistent with large-scale climate variability influencing swell generation in the South
Atlantic rather than with localized atmospheric forcing along the West African coast. The
2004–2005 period coincided with anomalous atmospheric circulation linked to a weak El
Niño event, which modified wind strength and storm tracks in the Southern Hemisphere
mid-latitudes, thereby reducing the intensity and frequency of swells propagating toward
the Gulf of Guinea [33]. Similar links between ENSO-related variability, South Atlantic
wind forcing, and West African wave climate have been reported in previous studies [29,31].
The spatial coherence of the 2005 anomaly across the region therefore points to a basin-
scale climatic control on interannual wave energy, highlighting the sensitivity of West
African coastal wave conditions to remote atmospheric processes and underscoring the
importance of accounting for such variability in long-term coastal planning and climate
adaptation strategies.

Monitoring interannual variability and wave height anomalies is therefore essential
for improving early warning systems and refining wave and climate models, especially
in data-scarce regions like West Africa. Variations in wave climate can amplify coastal
hazards, influence shoreline evolution, and affect marine operations and infrastructure
planning. As highlighted in previous studies, incorporating long-term variability into
coastal management strategies is critical for enhancing resilience and supporting climate
adaptation efforts along vulnerable coastlines [16,32,34].

6. Conclusions
From 1993 to 2022, the Atlantic Ocean wave climate along the West African coast

exhibited well-defined spatial and temporal patterns in both wave height and wave period.
Through a comprehensive comparison of WAVERYS and ERA5, supported by HY-2B/HY-
2C satellite observations and buoy measurements, this study demonstrates that WAVERYS
provides the most reliable representation of significant wave height across the region.
Its improved performance is largely attributable to its finer spatial resolution, explicit
inclusion of wave–current interactions, and more extensive assimilation of satellite data.
Beyond methodological comparison, establishing the relative skill of available reanalysis
products is crucial for strengthening the scientific foundation of climate risk management
and evidence-based policy planning in West Africa.

The analysis shows that significant wave height across the region ranged from 0.57 m to
3.2 m, while wave periods varied between 3.8 s and 25 s, with wave energy predominantly
arriving from the South and Southwest. Further partitioning revealed that wind sea
components, with wave heights between 0.05 m and 1.5 m, were mainly concentrated in
the South, Southeast, and West sectors, whereas swell waves, ranging from 0.25 m to 3.0 m,
were the dominant contributors, propagating primarily from the South-Southeast and
South-Southwest. Seasonal variability indicated minimum monthly mean wave heights
of about 1.0 m during December–January and a peak of approximately 1.6 m between
June and September. Swell waves accounted for nearly 95% of the total wave energy,
highlighting their central role in shaping the regional wave climate. Long-term trends
further suggest a gradual increase in wave height, with anomaly rates of 0.002005 m/year
for Ivory Coast, 0.0015208 m/year for Ghana, 0.0015992 m/year for Togo/Benin, and
0.0022197 m/year for Nigeria.
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These findings have direct practical relevance for coastal West African countries
such as Ivory Coast, Ghana, Togo, Benin, and Nigeria, where dense coastal populations,
critical infrastructure, and economic activities are highly exposed to ocean-related hazards.
Improved confidence in the most suitable reanalysis product enhances predictive capacity
for coastal erosion assessments, marine safety operations, and early warning systems for
extreme wave events. Such information is essential for supporting adaptation planning,
strengthening disaster risk reduction strategies, and guiding resilient infrastructure design
in vulnerable coastal zones.

More broadly, identifying a fit-for-purpose wave reanalysis product provides a founda-
tion for developing operational climate services tailored to regional needs. Sectors such as
coastal zone management, urban and port planning, fisheries and aquaculture, sustainable
tourism, and offshore energy stand to benefit from reliable, high-quality wave information
that is both scientifically robust and locally relevant. By explicitly linking model perfor-
mance to these real-world applications, this study underscores the broader societal value
of wave climate research in West Africa and highlights pathways for future deployment of
operational climate services that align with local realities and long-term resilience goals.
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