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Abstract

Swells are critical concerns regarding safety, marine transportation, and coastal engineering construction of coastal
countries along the Gulf of Guinea and have been scientific problems due to the lack of systematic theoretical,
numerical, and observational research. In this study, a double nesting numerical model was constructed and validated
from the Atlantic Ocean to the Gulf of Guinea based on simulating waves nearshore (SWAN) to explore the swell
characteristics and source tracing in the Gulf of Guinea in winter and summer seasons from 2020 to 2021. Simulation
results reveal that swells are stronger and deflect more to the west in winter than summer, even though they dominate in
both seasons in the Gulf of Guinea in the S-SW directional range. Simulated two-dimensional (2D) wave spectral
patterns not only clarify wave composition, variation, and propagation properties from the central South Atlantic Ocean
to the Gulf of Guinea, but also distinguish swell strength and directional range in winter and summer. The NW wind
events induce swells which spread toward the SSE-ESE direction from the North Atlantic Ocean, big wind source
generates sustained and stable S-SW swells from the South Atlantic Ocean, and corresponding swell-influenced areas
are discussed. The strongest swell event in the Gulf of Guinea during the simulation was used as a case study to trace its
source. A strong clockwise wind vortex within the Roaring Forties induced these large swells in the Gulf of Guinea
approximately 5.5 days later, and swell propagation formed a regular isoline of peak period distribution from the South
Atlantic Ocean to the Gulf of Guinea in the SSW-SW direction.
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1 Introduction

The Gulf of Guinea is in the eastern part of the At-
lantic Ocean, with an equatorial low-pressure zone in the
north and a southeast trade wind zone in the south. Com-
plex atmospheric-ocean dynamic conditions and the spe-
cific location of the Gulf of Guinea cause the coast to be
frequently affected by Atlantic Ocean waves (Almar et al.,
2015). Long-term exposure to waves also gradually de-
grades coastal function, and highly and extremely vulner-
able areas account for approximately 26.98% and 11.66%
of the total coastline in the Gulf of Guinea (Aman et al.,
2019), respectively. With the rapid economic develop-

ment of countries around the Gulf of Guinea, the coastal
environmental and engineering problems caused by waves
have become increasingly serious, and studying the wave
characteristics from the Atlantic Ocean to the Gulf of
Guinea has become essential to countries around the Gulf
of Guinea.

Wave properties in the Gulf of Guinea are closely re-
lated to waves of the Atlantic Ocean, especially swells
propagating from the Atlantic Ocean. Compared with
wave studies in other regions, the lack of observations and
the unique and complex wave composition and propaga-
tion hinder an in-depth understanding of waves from the
Atlantic Ocean to the Gulf of Guinea. Griindlinch (1994)
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analyzed the propagation and attenuation of waves in the
South Atlantic based on satellite data, and the results
show that the attenuation of waves and swells in the South
Atlantic is approximately 1.2-3.9 m and 0.7-2.0 m per
1 000 km, respectively. Liu et al. (2002) carried out re-
search on wind and wave characteristics in the South At-
lantic based on data from 1950 to 1995 and analyzed
wind, wave, and extreme wave frequencies in different
seasons. Forristall et al. (2013) analyzed wind wave and
swell components of spectral wave properties on the coast
of West Africa in the West Africa Swell Project (WASP).
Liu and Zhao (2019) found that swells in the South At-
lantic are mostly concentrated in the eastern part near
western African countries.

The wave system in the Gulf of Guinea is character-
ized by the coexistence of wind waves and swells at most
of the time, with swells exerting dominant influence.
Swells propagating from the Roaring Forties, a major
swell system of the South Atlantic (approximately
40°S-60°S), are those which affect the wave system in the
Gulf of Guinea, and the maximum swell wave height can
reach approximately 3—4 m in the Gulf of Guinea (Prevos-
to et al., 2013). Swell systems in the Gulf of Guinea usu-
ally contained one or several swell components, such as
swells generated in the Roaring Forties and the Southern
Hemisphere trade wind zone (approximately 30°S—35°S)
of the South Atlantic (Almar et al., 2015). The swell sys-
tem in the coastal waters of the Gulf of Guinea is relative-
ly stable, confirmed by wave research along the coast of
Benin (Laibi et al., 2014), a numerical simulation study of
waves in most areas in the Gulf of Guinea by Wang and
Zhang (2016) and statistical research of wave characteris-
tics in the Niger Delta by Osinowo and Popoola (2021).
All their achievements showed that the Gulf of Guinea
was affected by fixed, medium-high energy SW swells
year-round. Waves in the Gulf of Guinea are mainly prop-
agated from the S-SW direction, and the northwest part of
the Gulf of Guinea is seriously affected by swells originat-
ing in the high latitude of the South Atlantic (Zhou et al.,
2021).

Even if some achievements of swell studies in the
Gulf of Guinea have been conducted, some problems re-
main unsolved due to sparse observations and insufficient
scientific research. (1) There are still insufficient numeri-
cal simulation studies on waves from the Atlantic Ocean
to the Gulf of Guinea, especially the dynamic relationship
of swells, i.c., swell wave propagation properties from the
Atlantic Ocean to the Gulf of Guinea remain unclear.
(2) Detailed wave spectral patterns and characteristics of
the Atlantic Ocean swell impact on the Gulf of Guinea
still need in-depth research. (3) The source tracing of
swells in the Gulf of Guinea is still unclear since the
present qualitative source tracing provides an obscure in-
terpretation.

In this paper, Section 2 presents a double nesting sim-
ulating waves nearshore (SWAN) wave model system that

has been established and validated. Section 3 presents the
swell wave evolution and variations during propagation,
including the proportion of the swell component in the
Gulf of Guinea and the 2D wave spectral evolution dur-
ing propagation from the Atlantic Ocean to the Gulf of
Guinea in winter and summer seasons. Section 4 presents
case studies to explore swell wave distributions and
source tracing during propagation in both seasons. Sec-
tion 5 provides the conclusions.

2 Model setup and validation

2.1 Governing equation

SWAN is a third-generation wave model developed by
Delft University of Technology. The performance of
SWAN has been continuously enhanced, and SWAN has
become a numerical ocean wave model that is frequently
used at various scales from the ocean scale to the coastal
zone (Shi et al., 2021; Ye et al., 2022). The governing
equation of SWAN can be expressed as

o 0 0 ) 0 S
8—[N+EC4N+(COS¢) %C¢COS¢N+%CO—N+%C9N—;, (1)

where N is action density, which equals the energy densi-
ty divided by the radian frequency (N = E/o). E is energy
density, o is radian frequency. 4 is longitude, ¢ is latitude,
and 6 is propagation direction, and ¢ is time. The first term
on the left side of this equation represents the local rate of
change in the action density over time. The second and
third terms represent the propagation of action density in
geographical space (with propagation velocities C; and C,
in the longitude and latitude directions, respectively). The
fourth term represents the shifting of relative frequency
due to variations in depths and currents (with propagation
velocity C, in o space), and the fifth term stands for the
depth-induced and current-induced refraction (with propa-
gation velocity C, in 6 space). S is the total of source
(sink) terms expressed as wave energy density, which in-
cludes the effects of generation, dissipation, and nonlin-
ear wave-wave interactions.

2.2 Nesting simulation domains and model set-
up

A double nesting SWAN model was constructed to
ensure that the wave energy input from the outside model
of the Atlantic Ocean is not lost during simulation when
the boundary conditions are set as zero. The outer domain
(the Atlantic Ocean) and inner domain (domain of the
Gulf of Guinea) are set as D1 (75°N-75°S, 83°W-22°E)
and D2 (20°N-20°S, 20°W-15°E), respectively, as shown
in Fig. 1.

The topography is obtained from ETOPO1 data, and
the driven winds are provided by cross-calibrated multi-
platform (CCMP) wind data. The spatial and temporal res-
olutions of CCMP winds are 0.25° x 0.25° and 6 h, re-
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Fig. 1. Nesting model domains, observation buoy and
satellite tracks of Jason-3. Symbol “s” is the wave buoy,
the black solid lines represent the satellite trajectories, and
symbol “*” represents the research points.

spectively. The spatial resolutions of the outer domain
(D1) and inner domain (D2) are 0.25° x 0.25° and 0.1° x
0.1°, respectively. The corresponding time steps are 15
minutes and 5 minutes, respectively. The spectral frequen-
cy is discretized into 33 grades ranging from 0.04 Hz to
0.50 Hz, and the logarithmic distribution (f;,;, = v, fi,;
and f; represent adjacent frequencies, y is a constant (about
1.1, which is related with frequency resolution and can be
calculated by model) is adopted between adjacent fre-
quencies. The spectral directional resolution is 10°. The
model physics applies the bottom friction of Hasselmann
et al. (1973) with a coefficient of 0.038 and the depth-in-
duced wave breaking method of Battjes and Janssen
(1978) with a coefficient of 0.73. The wind energy input
adopts the method of Cavaleri and Rizzoli (1981), and the
whitecapping term uses the method of Komen et al.
(1984). The triad and quadruplet nonlinear wave-wave in-
teractions use the lumped triad approximation (LTA)
method (Eldeberky, 1996) and the discrete interaction ap-
proximation (DIA) approximation (Hasselmann et al.,
1985), respectively. In the previous studies of waves in
the Gulf of Guinea (Xu et al., 2022), numerical experi-
ments were carried out, revealing that a cutoff frequency
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(smaller than 0.1 Hz) could generate reasonable results for
distinguishing swells from mixed seas from the Atlantic
Ocean to the Gulf of Guinea. The definitions of signifi-
cant swell wave height and swell direction (peak wave di-
rection) are presented in the SWAN document (https://
swanmodel.sourceforge.io/online_doc/swanuse/swanuse.
html).

2.3 Model validation

For the Gulf of Guinea, June to September (winter)
experiences the most active waves of the year; waves dur-
ing December to March (summer) were slightly weaker
than those in winter, and April to May and October to
November are the times of wave transition from weak to
strong and from strong to weak, respectively (Liu et al.,
2002). In this study, simulations were conducted for both
winter and summer seasons from December 2020 to
March 2021 (summer) and June to September 2021 (win-
ter) for model validation and wave property study. Con-
sidering the simulation time required for model stability
and the duration for Atlantic Ocean swells propagating in-
to the Gulf of Guinea, the spinning time for model simula-
tions is set to 15 days.

2.3.1 Outer model validation with buoy observations

Available wave observation data are relatively scarce
within and near the Gulf of Guinea in the South Atlantic
Ocean. The wave buoy 41041 (Fig. 1) in the North At-
lantic Ocean provided by the National Data Buoy Center
(NDBC) is the nearest buoy to the Gulf of Guinea, for
which data are available and can be used for outer model
validation. Figures 2 and 3 show comparisons of the simu-
lated significant wave height and mean wave period with
buoy observations at 41041 during the simulation time.
Table 1 shows the correlation coefficient (CC), root-
mean-square error (RMSE), and ratio of error (ER) of sig-
nificant wave height and mean wave period between the
simulation and observation at buoy 41041.

Table 1 shows that the CC values of both significant
wave height and mean wave period exceed 0.82 and 0.78;
the corresponding RMSE values are less than 0.48 m and
0.99 s; and ER values in the measurements are below
9.4% and 11.8%, respectively, between the simulation and
observation data during winter and summer seasons.
Figures 2 and 3, and Table 1 demonstrate that simulations
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Fig. 2. Comparison of SWAN-simulated significant wave height (a) and mean wave period (b) with buoy 41041 in the

winter season (June to September 2021).
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Fig. 3. Comparison of SWAN-simulated significant wave height (a) and mean wave period (b) with buoy 41041 in the

summer season (December 2020 to March 2021).

Table 1. Error analysis of significant wave height and mean wave period between the simulation and observation at
buoy 41041
Simulation season CCy, CCr, RMSEp, /m RMSEy, /s ERy, /% ERr, /%
Winter (Jun. to Sept. 2021) 0.88 0.81 0.27 0.67 7.7 8.5
Summer (Dec. 2020 to Mar. 2021) 0.82 0.78 0.48 0.99 9.4 11.8

Note: ERp, = (H3<i|n - Hsnhs) / H;,, ;ERT,,

= (Tmgn = Tnaps) / Ty, - Hg and T, are the significant wave height and mean wave period,

and the subscripts of sim and obs represent the model simulation and the buoy observation, respectively.

during this summer season overestimate wave heights and
wave periods compared to those in the winter season.
Generally, the simulated significant wave height and
mean wave period match the observations during both
winter and summer simulations.

2.3.2 Nesting model validation with satellite data

Since the buoy validation mentioned above for the
outer model is in the North Atlantic Ocean, which is far
from the inner domain encompassing the Gulf of Guinea,
Jason-3 satellite data were applied for supplementary vali-
dation of the nesting model validation from the South At-
lantic Ocean to the Gulf of Guinea. Jason-3 is the fourth
mission in the U.S.-European series of satellite missions
that had measurements of the height of the ocean surface
(https://sealevel.jpl.nasa.gov/missions/jason-3/).

According to the simulation results, the significant
wave heights of the Gulf of Guinea are in the range of
1.48-3.24 m and 1.16-2.36 m in the winter and summer
simulations, respectively. In this study, six satellite trajec-
tories traversing from the South Atlantic Ocean to the
Gulf of Guinea are selected, covering from the Roaring
Forties to the Gulf of Guinea (Lines 059, 211, and 109)
and the offshore of West Africa, where the South Atlantic
swells are most concentrated (Lines 250,148, and 046) (as
shown in Fig. 1). Two satellite cycles (from 1535 UTC on
July 13, 2021, to 1333 UTC on July 23, 2021; from 1754
UTC on March 6, 2021 to 1553 UTC on March 16, 2021)
covered the periods of the maximum wave strength in the
Gulf of Guinea during winter (3.24 m at 0600 UTC on Ju-
ly 14, 2021) and summer (2.36 m at 0600 UTC on March
16, 2021), respectively; therefore, data of these six satel-
lite lines are selected for validation of the nesting model.

Figures 4 and 5 show the comparisons of the simulated
significant wave height and satellite data from the South
Atlantic Ocean to the Gulf of Guinea in the winter and

summer simulations within the cycle when the significant
wave height in the Gulf of Guinea reaches the maximum
values in both seasons. Tables 2 and 3 show the values of
CC, RMSE, and ER between the simulated significant wave
height and satellite data in winter and summer seasons.

The validations indicate that the simulated significant
wave heights generally align with Jason-3 data, both in
the South Atlantic Ocean and in the Gulf of Guinea, even
though there are some deviations between the simulated
results and the satellite. From Tables 2 and 3, it is evident
that the simulated significant wave heights are generally
consistent with satellite data. The average CC values be-
tween model simulation and satellite data exceed 0.92 and
0.86, the RMSE values are less than 0.39 m and 0.43 m, and
the corresponding average ER values are about 9.7% and
14.5% in winter and summer seasons, respectively. Even
though errors in individual satellite lines (for example, Line
059 as shown in Fig. 5b in summer) are relatively high, the
simulation results generally align with satellite data along
most of the satellite lines. The nesting model simulation is
evidently reasonable both in the Atlantic Ocean domain
and in the Gulf of Guinea domain. Therefore, this nesting
model can be used for wave characteristics research from
the South Atlantic Ocean to the Gulf of Guinea.

3 Swell wave evolution and variations dur-
ing propagation from the Atlantic Ocean
to the Gulf of Guinea

Dominant swells in the Gulf of Guinea usually origi-
nate from the Roaring Forties and the mid-latitude of the
South Atlantic (Almar et al., 2015), in a S-SW direction
(Prevosto et al., 2013; Laibi et al., 2014). In this study,
four research points (P1, P2, P3, and P4) were selected
from the South Atlantic Ocean to the Gulf of Guinea (as
shown in Fig. 1 and Table 4). Point P1 is located at 30°S
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Fig. 4. Comparison of SWAN-simulated significant wave heights with Jason-3 data in winter, within the cycle when
the maximum significant wave height in the Gulf of Guinea peaked (3.24 m), Line 046 (a), Line 059 (b), Line 109 (c),
Line 148 (d), Line 211 (e) and Line 250 (f).
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in the central part of the South Atlantic Ocean with strong
swell components generated from the Roaring Forties and
mid-latitude of the South Atlantic; Point P2 is located

halfway between the Roaring Forties and the Gulf of
Guinea to trace the route of swells towards the Gulf of

Guinea; Point P3 and Point P4 are at the offshore and the
nearshore of the Gulf of Guinea, which can be used to an-
alyze the detailed wave characteristics when swells arrive
at the offshore and the nearshore of the Gulf of Guinea.
To investigate the swell propagation properties in detail,
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Table 2. Error analysis of significant wave height between the model simulation and satellite observation data in win-

ter season (June to September 2021)

Satellite line Verification date CCh, RMSEy, /m ERy, /%
Line 046 1011-1027 UTC on Jul. 15,2021 0.77 0.39 9.1
Line 059 22062225 UTC on Jul. 15, 2021 0.95 0.31 7.0
Line 109 20562113 UTC on Jul. 17,2021 0.97 0.38 7.8
Line 114 0945-1000 UTC on Jul. 19, 2021 0.97 0.40 9.9
Line 211 2030-2050 UTC on Jul. 21, 2021 0.95 0.40 10.1
Line 250 0919-0934 UTC on Jul. 23,2021 0.90 0.47 14.5

Average value 0.92 0.39 9.7

Note: ERy, = (Hs,, — Hs,, )/ Hs,,- H, is the significant wave height, and the subscripts of sim and obs represent the model

simulation and the buoy observation, respectively.

Table 3. Error analysis of significant wave height between the model simulation and satellite observation in summer

season (December 2020 to March 2021)

Satellite line Verification time CCh, RMSEy, /m ERy, /%
Line 046 1230-1246 UTC on Mar. 8, 2021 0.90 0.40 12.6
Line 059 0025-0044 UTC on Mar. 9, 2021 0.85 0.67 20.4
Line 109 2316-2332 UTC on Mar. 10, 2021 0.87 0.42 13.4
Line 114 1204-1220 UTC on Mar. 12,2021 0.92 0.41 13.9
Line 211 2250-2309 UTC on Mar. 14, 2021 0.88 0.33 13.3
Line 250 1138-1154 UTC on Mar. 16, 2021 0.74 0.32 13.4

Average value 0.86 0.43 14.5

Note: ERy, = (Hy,, — Hs,, )/ Hs,,- H, is the significant wave height, and the subscripts of sim and obs represent the model

simulation and the buoy observation, respectively.

Table 4. Points selected from the South Atlantic Ocean to the Gulf of Guinea

Research points Latitude Longitude Location
P1 30°00'S 14°30'W 30°S in the central of South Atlantic Ocean
P2 15°00'S 7°15'W 15°S in the central of South Atlantic Ocean
P3 0°00’ 0°00’ Offshore the Gulf of Guinea
P4 3°00'N 5°00'E Nearshore the Gulf of Guinea

all four points were generally arranged in a line around
the S-SW direction from the South Atlantic Ocean to the
Gulf of Guinea.

3.1 Proportion of the swell component in the
near shore Gulf of Guinea

Figure 6 shows the proportions of significant swell
wave height components and swell propagation directions
in the inner Gulf of Guinea, as indicated within the red
dashed lines of the Gulf of Guinea in Fig. 1, during the
winter and summer simulations.

The ratio of the significant swell wave height to the
total significant wave height (H_,,/H,) ranges from 0.41
to 0.86 in the Gulf of Guinea in winter (Fig. 6a), and the
corresponding H.;/H, ranges from 0.42 to 0.81 (Fig. 6b)
in summer. At most of time, the ratio of the swell height
to the total wave height is larger than 0.5 (the ratio is less
than 0.5 occasionally). The long-period swells with large
energy flux may induce disasters in coastal engineering
even if the swell wave heights are not high enough. For
example, the coastline from Cote d'Ivoire to Nigeria expe-
riences a significant decline ranging from 2 m to more
than 30 m per year under the influence of South Atlantic
swells (Olugbenga et al., 2017). The ratios of the signifi-

cant swell wave height to the total significant wave height
in winter are higher than those in summer, with average
values of 0.72 and 0.62, respectively. The swell propaga-
tion directions experience an increased fluctuation in win-
ter than in summer. The swell propagation directions devi-
ate slightly to the west in winter compared to summer,
with average directions of 70.9 degrees and 68.8 degrees
[in Cartesian convention, relative to the x-axis (toward the
E direction) of the coordinate system (counterclockwise)]
in winter and summer, respectively. Swells dominate al-
most constantly in the Gulf of Guinea, whether in winter
or in summer; however, both the swell strengths and the
swell propagation directions show slightly different be-
havior. The swell propagation directions during both sea-
sons confirm that swells in the inner Gulf of Guinea must
originate from sources in the South Atlantic Ocean.

3.2 2D wave spectral evolution during propaga-
tion from the Atlantic Ocean to the Gulf of
Guinea

2D wave spectra at four points were simulated from
the South Atlantic Ocean to the Gulf of Guinea in winter
and summer to investigate wave composition, evolution,
and distribution variations during propagation, especially
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Fig. 6. Proportions of the swell component and swell propagation directions in the Gulf of Guinea during winter (a)
and summer (b) simulations. H,, is the significant swell wave height, and / is the total significant wave height.

focusing on the swell component. Spectral density was
simulated at each spatial, frequency, and directional grid
during winter and summer seasons. Consequently, the
maximum spectral densities could be extracted at each fre-
quency and direction grid point at each location, forming
the swath map of the 2D spectral pattern in winter and
summer seasons, as shown in Figs 7 and 8.

3.2.1 2D wave spectral swath map in winter

Figure 7 shows the 2D wave spectral swath map at
points P1, P2, P3, and P4 in the winter simulation. Figure 7
illustrates that (1) the 2D spectra at point P1 show compli-
cated wave compositions with wider band spectral wind
waves and multiple-peak spectral swells. These wind
waves and multiple-peak swells coexist, with wind waves
distributed in all directions and swells covering most of
the directions except the SW-S directional range. Wind
waves are generated by the strong winds at this latitude,
and swells originate from the South Atlantic Ocean far
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from the Roaring Forties. (2) At point P2, compared with
point P1, both the spectral bands of wind waves and
swells are significantly narrower with decreasing wind
waves and swell strength. The swells are located within
the NNW-ENE directional range with two strong swell
events toward the N and NNE directions during the win-
ter, and wind waves only distribute within the SW-ENE
range. Evidently, there is a swell component propagating
from the North Atlantic Ocean in a narrow SSE-SE direc-
tional range. (3) The 2D wave spectral swath maps at
point P3 and point P4 show a single peak pattern of low-
frequency swells toward the NW-ENE and NNW-ENE di-
rections, respectively. These swell directions are relative-
ly stable during winter, which means that waves mainly
consist of a long period of swell waves from offshore to
nearshore in the Gulf of Guinea during winter.

3.2.2 2D wave spectral swath map in summer
Figure 8 shows the 2D wave spectral swath maps at
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Fig. 7. Two-dimensional wave spectral swath map at points P1 (a), P2 (b), P3 (¢), and P4 (d) in the winter simulation.
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Fig. 8. Two-dimensional wave spectral swath map at points P1 (a), P2 (b), P3 (¢) and P4 (d) in summer.

points P1, P2, P3, and P4 in summer. The results demon-
strate that (1) the wind wave spectral component at point
P1 covers all directions, approximately the same as that in
winter. While the swell components mainly distribute
within two directional ranges (ENE-NNW and S-SE), the
two maximum spectral peaks imply that two large swell
events occur during these directional ranges. ENE-NNW
swells originate from the South Atlantic far from the
Roaring Forties, and S-SE swells propagate from NW-N
directions from the North Atlantic Ocean. (2) At point P2,
the double peak swell swath patterns clearly have the
same origins as those of P1. The strength of the S-SE
swells is approximately the same as that of P1, while the
strength of the ENE-NNW swells at P1 degenerates in
both directional distribution and strength. Wind waves at
P2 are confined within the WSW-ENE directions. The
wave spectral evolutions at points P1 and P2 represent
that the swells in the central South Atlantic Ocean during
the summer season originate from two sources: one from
the high latitudes of the South Atlantic Ocean far from the
Roaring Forties (the swells to the ENE-NNW directions)
and the other from the North Atlantic Ocean (the swells
toward the S-SE directions). (3) The wave spectral swath
patterns at points P3 and P4 show similar behavior with
relatively high and narrow swell energy concentrating in
the N-NE direction and a small proportion of wind wave
components within the NNW-NE range. Compared with
points P1 and P2, the S-SE directional swell spectral ener-
gy decreases dramatically to a small SE-ESE swell com-
ponent offshore the Gulf of Guinea at point P3 and com-
pletely disappears at point P4. This means that the

nearshore area of the Gulf of Guinea is not affected by the
North Atlantic Ocean-generated swells.

3.2.3 Comparison and analysis of the 2D wave spectral

swath map in winter and summer

From the above 2D wave spectral swath distributions
in the central South Atlantic Ocean (points P1 and P2),
offshore the Gulf of Guinea (point P3) and nearshore the
Gulf of Guinea (point P4) in winter and summer seasons,
the following are observed: (1) The wave compositions in
the central South Atlantic Ocean are complicated during
summer and winter seasons, and both wind waves and
swells are relatively active. Wave complexity and strength
become stronger when moving southward. Spectral wave
swath density at the four points shows that swells in the
nearshore area of the Gulf of Guinea propagate from the
high latitude of the South Atlantic Ocean in winter and
summer seasons without influence of swell components
from the North Atlantic Ocean. In the offshore of the Gulf
of Guinea, the North Atlantic Ocean swells show only a
slight impact in the summer season in the simulation. (2)
Swell systems are relatively narrow in the central South
Atlantic Ocean in summer while swells propagate in a
wider directional range in winter. (3) Swells in the central
South Atlantic Ocean are stronger in winter than in sum-
mer, and North Atlantic Ocean-generated swells signifi-
cantly impact the central South Atlantic Ocean in summer
compared to winter. (4) The Gulf of Guinea is dominated
by relatively stable swells which spread toward NNW-
ENE direction in both winter and summer seasons, from
offshore to nearshore zones, and these swells mainly prop-
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agate from the high latitudes of the South Atlantic Ocean.
Previous studies of wave characteristics in the Gulf of
Guinea (Laibi et al., 2014; Almar et al., 2015; Osinowo
and Popoola, 2021) also indicated that the swell direc-
tions in the Gulf of Guinea were relatively stable and con-
centrated, both in the winter and summer.

The variation in swell strength and directions at the
four points manifest that there always existed a stable
swell system (toward the NNW-ENE direction) from the
South Atlantic Ocean to the Gulf of Guinea. This means
that swells offshore and nearshore of the Gulf of Guinea
mainly source back to the same swells originating from
the high latitude of the South Atlantic Ocean both in win-
ter and summer. The reason is that high wind-generated
waves frequently occur in the Roaring Forties and the mid-
latitudes (approximately 20°S—40°S) of the South Atlantic
Ocean due to the strong clockwise wind vortexes all year
round, and part of these waves spread toward the NNW-
ENE directions and finally propagate to the Gulf of Guinea.

4 Case study: swell wave distributions and
source tracing during propagation

4.1 Swells from the North Atlantic Ocean to the
Gulf of Guinea

As indicated by Figs 7 and 8, 2D wave spectral swath
maps at points P2 and P3 show that swells in the South

H.=2.74m U= 6.35 m/s
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Atlantic and the Gulf of Guinea induced by the North At-
lantic extreme weather events are not frequent cases. Two
typical cases (when P2 experienced the maximum swells
within the SSE-ESE scope during winter and summer
simulation) are selected. The SSE-ESE directional swells
shown in Figs 8 and 7 can be numerically located at 1200
UTC on February 7 and 0000 UTC on September 30,
2021, in the summer and winter, respectively, and the cor-
responding 2D spectra at points P2 and P3 are shown in
Figs 9 and 10. From the wind fields of the Atlantic Ocean
10 days in advance of the two North Atlantic Ocean-in-
duced swell events, the induced wind sources in the North
Atlantic Ocean can be located for the two SSE-ESE direc-
tional swell systems at point P2.

Wind field distribution in the Atlantic Ocean shows
that there are sustained strong NW high winds (>20 m/s)
from January 29 to February 2 within the latitudes of
20°—60°N in advance of the SSE-ESE swell event at 1200
UTC February 7 and strong NW high winds (>20 m/s)
from September 24 to September 25 within the latitudes
of 40°-60°N in advance of the SSE-SE swell event at
0000 UTC September 30. Figure 11 presents the typical
NW wind distributions in the Atlantic Ocean at 1200 UTC
on February 2 and 0000 UTC on September 25. Clearly,
these highly sustained NW winds generate large wind
waves and then propagate in the NW direction as swells
and finally enter the South Atlantic Ocean, inducing SSE-
ESE directional swells in the central Atlantic Ocean at
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Fig. 9. Two-dimensional wave spectra at P2 (a) and P3 (b) at 1200 UTC on February 7 in summer.
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point P2. Figures 7—10 show that the inner part of the Gulf
of Guinea completely avoids these NW swells, with only
slight swell energy offshore the Gulf of Guinea (point P3)
from the North Atlantic Ocean, due to the sheltering ef-
fect by the west end of the Gulf of Guinea.

4.2 Swells from the South Atlantic Ocean to the
Gulf of Guinea

To reveal the propagation property of swells from the
South Atlantic Ocean to the Gulf of Guinea and trace the
source of swells in the Gulf of Guinea, the maximum
strength of swells in the Gulf of Guinea was selected
(2.66 m, 0600 UTC on July 14 in winter) as typical case,
and the genesis of swells in the South Atlantic Ocean and
their trip northward to the Gulf of Guinea were investigat-
ed. Figure 12 presents the evolution of the wind field be-
tween the time of swell generation in the South Atlantic
Ocean and the time of maximum swell wave height in the
Gulf of Guinea. Figures 13 and 14 show the correspond-
ing significant swell wave height and peak period, respec-
tively.
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Wind distribution in the Atlantic Ocean at 1200 UTC Feb 2 in summer (a) and 0000 UTC September 25 in

At 1800 UTC on July 8, a strong clockwise wind vor-
tex with a maximum wind velocity of more than 30 m/s
occurred in the Roaring Forties (Fig. 12a), with a maxi-
mum significant swell wave height of approximately 8 m
and a peak period of approximately 14 s (Figs 13a and
14a). The swells spread toward the N-NE direction, and
different periods of swell components become separated.
This strong clockwise wind vortex moved to the east and
arrived at the eastern part of the South Atlantic Ocean un-
til 1200 UTC on July 11, with significant swell wave
heights of approximately 3—5 m and peak periods of ap-
proximately 14-16 s (Figs 13b and 14b). At 0600 UTC on
July 14, the swell systems propagated to the Gulf of
Guinea (Fig. 14¢) and generated the strongest swell in the
nearshore area of the Gulf of Guinea during the simula-
tion time (Fig. 13c¢).

From the wind field from 1800 UTC on July 8 to 0600
UTC on July 14, it was found that there is no relationship
between the swells and local wind waves in the Gulf of
Guinea. Strong swells originated in the South Atlantic
Ocean, particularly from the strong vortex winds in the
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Fig. 12. Evolution of wind field between the time of swell generated in the South Atlantic Ocean and the time of maxi-
mum swell height in the Gulf of Guinea at 1800 UTC on July 8 (a), 1200 UTC on July 11 (b) and 0600 UTC on July 14 (¢).
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Roaring Forties at 1800 UTC on July 8. The strongest
swells in the Gulf of Guinea were propagated from the
Roaring Forties of the South Atlantic Ocean approximate-
ly 5.5 days earlier (1800 UTC on July 8).

Figure 14 shows interesting swell distribution patterns
when swells propagate from the South Atlantic Ocean to
the Gulf of Guinea. The generated swell waves are in a
regular distribution from the South Atlantic Ocean to the
Gulf of Guinea in the SSW-SW direction, with the peak
period increasing gradually on the way to the Gulf of
Guinea. The reason is that swells with higher periods
propagate faster than those with lower periods. Therefore,
swells with longer periods enter the Gulf of Guinea earli-
er. The peak-period distribution demonstrates a clear illus-
tration of the stratified swell distribution phenomena dur-
ing propagation, clarifying the source of the swells in the
Gulf of Guinea.

5 Conclusions

Waves from the Atlantic Ocean to the Gulf of Guinea
in December 2020 to March 2021 (summer) and June
2021 to September 2021 (winter) were numerically simu-
lated based on a double nesting SWAN model system, and
the nesting model was validated by buoy observations and

satellite data. A case study was carried out to investigate
swell properties and source tracing during propagation
from the North Atlantic Ocean and South Atlantic Ocean.
Some new findings were obtained in this study: (1) swells
in the Gulf of Guinea exhibit different behaviors in win-
ter and summer seasons, even though swells dominate al-
most constantly in the Gulf of Guinea in winter and sum-
mer; (2) the 2D wave spectral evolution reveals clear
swell and wind wave compositions and propagation pat-
terns in both seasons during wave propagation from the
Atlantic Ocean to the Gulf of Guinea; and (3) detailed 2D
wave spectral analysis and wind source event tracing re-
veal that NW strong wind events from the North Atlantic
can induce swells offshore in the Gulf of Guinea, both in
winter and summer seasons. Major conclusions are as fol-
lows:

The Gulf of Guinea is dominated by S-SW swells
propagating from the high latitudes of the South Atlantic
Ocean in winter and summer seasons, while swell
strengths are stronger in winter than in summer, with av-
erage ratios of swell significant height to total significant
wave height of 0.72 and 0.62, respectively. The major
swell directions in winter slightly deviate to the west by
approximately 2.1 degrees on average.

Analysis of numerically simulated 2D spectra indi-
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cates that swells in the central Atlantic Ocean can be in-
fluenced by swells within the SSE-ESE directional range,
with only slight swell energy appearing offshore and no
swells in the nearshore zone from the North Atlantic
Ocean in winter and summer seasons. The protruding west
shoreline of the Gulf of Guinea obstructs most of the
North Atlantic Ocean swell propagating into the nearshore
Gulf of Guinea. Stronger, longer sustained, and more
southward NW winds in the North Atlantic Ocean can in-
duce higher SSE-ESE swells in the central South Atlantic
Ocean. North Atlantic Ocean wave-induced swells do not
frequently occur compared to sustained and stable S-SW
swells from the South Atlantic Ocean.

Stable and strong S-SW swells prevail from the South
Atlantic Ocean to the Gulf of Guinea in winter and sum-
mer, and the simulated 2D spectra also exhibit that swells
are significantly stronger in winter than in summer, origi-
nating from the central South Atlantic Ocean, extending
offshore and nearshore to the Gulf of Guinea. In the simu-
lation, the strongest swells were initially generated as
large wind waves by the Roaring Forties wind (a large
clockwise wind vortex) and then propagated toward the
N-NE direction into the Gulf of Guinea.

Source tracing of the strongest swell in the Gulf of
Guinea was studied. The combined analysis of the varia-
tion in significant wave swell height and peak period indi-
cates that the source of the maximum swell system during
the simulation time is originally induced by a strong
clockwise vortex within the Roaring Forties in the South
Atlantic approximately 5.5 days earlier. The swell peak
period distributions form a regular isoline picture from the
South Atlantic Ocean to the Gulf of Guinea in the
SSW-SW direction, with peak period distributions in-
creasing gradually towards the Gulf of Guinea. The propa-
gation speeds of different swell periods facilitate these
stratification phenomena, with longer periods of swells
entering the Gulf of Guinea earlier.

Further research is still needed to explore the long-
term wave trends from the Atlantic Ocean to the Gulf of
Guinea, especially under the scenario of climate change.
This study focuses on swell properties in the summer and
winter seasons from 2020 to 2021; more seasonal simula-
tions are needed to further illustrate seasonal scale swell
behavior in the study area. The swell behavior during the
conversion time also requires detailed research, and con-
ducting seasonal wave simulations over multiple years can
reveal additional general mechanisms of swells from the
Atlantic Ocean to the Gulf of Guinea.
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